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The finding of new energy sources was an issue in the last years and will be still 
a task for the future. Glycolate, produced during the photorespiration of algae, 
shall be introduced as suitable substrate for the biogas production. Therefore, a 
microbial consortium consisting of bacteria and methanogenic archaea were 
accommodated only with glycolate as main carbon source. Biogas yields up to 
90 % and methane contents of 41 ± 3 % under defined conditions were 
observed. Different abiotic parameters (e.g. glycolate feed and pH of the feed) 
were shifted to observe the reaction within the system and estimate the process 
stability. Abiotic and biotic parameters were observed over the whole study 
(505 d) and correlated to each other (Spearman´s Rho). The system was able 
to sustain different parameter shifts by the conversion of its microbial 
composition. However, high glycolate feeds and pH drops seemed to be not 
tolerated by the system and resulted in a system crash.  
All in all key sub-communities (e.g. cluster 1 and 3) and T-RFs (e.g. T-RF 
representing Planctomycetaceae or 67 bp) were defined and indicated the 
status of the bioreactor.  
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Abstract  
Much research was performed in order to find alternative energy sources. In the 
new concept presented in this thesis, methane was produced by a microbial 
consortium which is fed only by glycolate excreted by photosynthetic algae. It 
was unknown how the biogas production and the process stability are 
influenced by certain parameter shifts in glycolate feed, pH of the feed, oxygen 
input and temperature. Therefore, different parameter changes were applied to 
the reactor system. Gas formation and composition, pH, FosTac and organic 
acid content in the media were analyzed. Additionally, the community 
composition induced by the changes of the process parameters was analyzed. 
Therefore, the single cell level using flow cytometry and the genetic level using 
T-RFLP were observed. The R based tool flowCyBar was applied to follow 
community dynamics and to find key players in the process. Abiotic and biotic 
parameters were used for correlation analysis (Spearman´s Rho) to determine 
specific functions of sub-communities and the T-RFs found in the whole 
community.  
The cultivation at room temperature indicated that the biogas yield was 30 % 
lower in comparison to the cultivation at 37°C. The community seemed to be 
able to sustain pulsating oxygen input in case glycolate as substrate is 
available. Additionally, the system was able to recover after the oxygen 
application of one day. A linear correlation between the feed glycolate and the 
biogas production was observed (R2 = 0.97). High biogas yields were obtained 
(up to 90 %) indicating that glycolate is a suitable substrate. The efficiency of 
the process was high with 41 ± 3 % methane in the biogas under defined 
conditions. It could be observed that biogas can be produced on glycolate as 
mono-substrate by a complex microbial community while it remained complex 
over the complete study (505 days cultivation) although glycolate was used as 
sole carbon source. Key sub-communities (e.g. cluster 1 and 3) and T-RFs (e.g. 
T-RF representing Planctomycetaceae or 67 bp) were defined and indicated the 
status of the bioreactor. The community was able to sustain certain parameter 
shifts, like changes in the pH of the feed (from 3 to 7), while others led to a 
complete crash of the system, like high glycolate feeds (3.6 g d-1 L-1). All in all, 
the stability of the process seemed to be susceptible on external influences.  
Abstract and assumptions 
 II
 
Assumptions of the PhD thesis  
1) Glycolate is a suitable substrate for the biogas formation in future. A 
glycolate concentration of 1 g d-1 L-1 is easily converted into methane. A 
long-term process will run with a methane content of around 40 % under 
optimal conditions.  
2) Glycolate will be converted nearly completely (90 %) into biogas. Side 
reactions (e.g. biomass formation or cell maintenance reactions) will 
occur only at a low level.  
3) Known variations of biogas compositions, generated from complex 
substrates, like maize, will be circumvented. A biogas composition with 
very low variations is possible due to the defined chemical composition of 
glycolate.  
4) An immobilisation of the cell material will increase the biogas yield. Media 
without cell material can be removed and thus biomass formation can be 
reduced to a minimal value.  
5) The pH is the crucial parameter during the process. A drop below 6.8 will 
result in a decrease of the biogas yield and in a subsequent destruction 
of important members of the community (e.g. methanogens). A pH 
controlled glycolate feeding will reduce the risk of a system crash 
induced by pH drops. 
6) An increase of the pH over the optimal range (6.8 – 7.5) will also result in 
the reduction of the biogas yield. However, the microbial system can 
tolerate the pH shift. Cell destruction will not necessarily occur.  
7) A complex microbial system will be able to sustain an oxygen input at 
very low concentrations or for a short time. However, the biogas yield will 
decrease due to the reduction of the oxygen level below the critical limit. 
Therefore, glycolate is necessarily needed.  
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8) Glycolate will be a suitable substrate for other biotechnological processes 
due to the fact that metabolites of the downstream degradation (e.g. 
malate) can be introduced in a lot of central biochemical pathways (e.g. 
citric acid cycle). 
9) The accumulation of glycolic, acetic, propionic and glyoxylic acid is a 
signal for a disturbed system. However, only the accumulation of glycolic 
acid can be used as a direct indicator for process instabilities. The other 
organic acids will occur with a certain time delay due to slow 
rearrangement of the microbial community. 
10) The conversion of the glycolate into a glyoxylate is the rate limiting step. 
Process instabilities resulting in a decrease of the biogas yield show 
always a disturbed glycolate conversion or even a complete 
metabolization failure.  
11) The microbial community can sustain long periods without substrate. 
They will transform into an inactive state.  
12) A defined microbial composition is involved in the conversion of glycolate 
to methane. A discrepancy of this optimal composition will result in a 
decrease in biogas yield and process stability.  
13) Methanogens are not capable to degrade glycolate directly. A consortium 
of at least one glycolate degrading bacteria and one methanogenic 
archaea is needed for a glycolate to methane conversion.  
14) Shifts in the environmental parameters will result in the rearrangement of 
the metabolite setup within the media. Therefore, both, the 
hydrogenotrophic and the acetoclastic methanogenesis, are needed to 
ensure a stable running system. However, the acetoclastic pathway is 
the favoured methanogenesis way under optimal process conditions.  
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15) The reduction of the diversity of the microbial consortium will cause a 
better process control due to the lower amounts of potentially varying 
parameters. However, the process stability will be reduced. Oxygen 
contaminations, pH shifts and the occurrence of further organic acids 
(e.g. acetic acid) cannot be tolerated by the system because of the 
missing microorganisms which were adapted to the resulting conditions.  
16) Organisms which are involved in the degradation of dead cell material 
are important for the process stability.  
17) Members of the flow cytometric cluster 1 or Planctomycetaceae and 
Bacteroidetes are highly important for conversion of glycolate into 
methane. Additionally, process stabilizing organisms (e.g. members of 
cluster 3 or the organism with the T-RF 209 bp) are important to ensure 
the functionality under sub-optimal conditions.   
18) Flow cytometry is an appropriate tool to follow up microbial processes. 
However, it is not suitable to predict a system crash in this biogas setup. 
The reaction time to a certain parameter shift of the microbial system is 
too slow. This time is already sufficient to achieve a complete pH drop 
and a system crash. A system with a higher pH buffer capacity will give 
the chance to use the flow cytometry as tool to predict process 
instabilities.  
19) The observation of the microbial community by T-RFLP is only interesting 
when a designation of the organisms should occur. Otherwise, the 
application of flow cytometry for the analysis of the microbial dynamics is 
much more convenient. It is less laborious and can be used to 
differentiate between the activity states of microorganisms.  
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Zusammenfassung  
Die erneuerbaren Energien waren in den letzten Jahren im Fokus der 
Forschung. Dabei wurde auch ein neues Konzept entwickelt. Dieses beinhaltet 
die Methanproduktion auf der Basis von Glykolat, das durch Algen 
ausgeschieden wird. Derzeit ist noch nicht bekannt, wie die Produktivität und 
Prozessstabilität auf bestimmte Parameterveränderungen, wie 
Glykolatkonzentration, pH der Fütterung, Sauerstoffeintrag und Temperatur, 
reagiert. Daher wurden in dieser Arbeit bestimmte Parametereinstellungen 
vorgenommen und die Gaszusammensetzung und - bildung, pH, FosTac und 
die Konzentration an organischen Säuren im Medium gemessen. Außerdem 
wurde auch die Veränderung in der mikrobiellen Gemeinschaft aufgrund der 
Parameterveränderungen aufgenommen. Dafür wurde die Gemeinschaft auf 
Zellebene mittels Durchflusszytometrie und auf genetischer Ebene mittels T-
RFLP analysiert. Das R Paket flowCyBar wurde verwendet, um Dynamiken in 
der Gemeinschaft und hauptverantwortliche Organismen bzw. 
Organismengruppen zu finden. Veränderungen in den abiotischen und 
biotischen Parametern wurden herangezogen, um Korrelationsanalysen 
(Spearman´s Rho) durchzuführen und spezifische Funktionen von 
Teilgemeinschaft und den T-RFs zu bestimmen.  
Die Kultivierung bei Raumtemperatur zeigte eine 30 %ig geringere 
Biogasausbeute als bei 37°C. Die Gemeinschaft scheint in der Lage zu sein 
Sauerstoffpulse zu verkraften, sollte Glycolate als Substrat vorhanden sein. 
Außerdem war das System in der Lage einen eintägigen Sauerstoffeintrag zu 
überstehen und sich davon zu erholen. Ein linearer Zusammenhang zwischen 
der Glykolatkonzentration und der Biogasproduktion konnte beobachtet werden 
(R2 = 0.97). Außerdem konnten Biogasausbeuten bis zu 90 % gemessen 
werden. Dies zeigt, dass Glykolat ein geeignetes und effizientes Substrat für die 
Methanproduktion ist. Unter definierten Bedingungen konnten 41 ± 3 % Methan 
im Biogas detektiert werden. Obwohl Glykolat als Hauptkohlenstoffquelle 
diente, konnte eine sehr komplexe Gemeinschaft über die gesamte Studie (505 
Tage) beobachtet werden. Hauptgruppen (z.B. Cluster 1 und 3) und wichtige T-
RFs (z.B. Planctomycetaceae und 67 bp) konnten definiert werden und gaben 
den Status des Reaktors an. Die Gemeinschaft war in der Lage verschiedenste 
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Parameterveränderungen, z.B. Änderung des pHs der Fütterung von 3 auf 7, zu 
überstehen. Wohingegen andere Änderungen, z.B. Glykolatkonzentrationen 
von 3.6 g d-1 L-1, zu einem kompletten Zusammenbruch des Systems führten. 
Alles in allem scheint das System sehr anfällig für Veränderungen zu sein.  
 
Thesen der Doktorarbeit  
1) Glykolat wird ein geeignetes Substrat für die Biogasproduktion, wobei 1 g 
Glykolat d-1 L-1 ohne Probleme in Methan umgesetzt werden können. 
Langzeitprozesse können mit einem Methananteil von rund 40 % im 
Biogas unter optimalen Bedingungen gefahren werden.  
2) Glykolat wird fast vollständig (90 %) in Biogas umgesetzt. Nur ein 
geringer Anteil von Nebenreaktionen, wie Biomasseaufbau oder 
Zellerhaltungsreaktionen, werden durchgeführt.   
3) Komplexe Substrate, wie Mais, verursachen starke Schwankungen in der 
Biogaszusammensetzung, aufgrund ihrer variierenden Kompositionen, 
Angesichts der definierten chemischen Struktur würde Glykolat zu einer 
Gaszusammensetzung mit einer sehr geringen Schwankung führen.  
4) Die Immobilisierung des verwendeten Zellmaterials würde zu einer 
erhöhten Biogasausbeute führen. Zellfreies Medium könnte aus dem 
Reaktor entfernt werden, wodurch die Neubildung an Biomasse minimiert 
werden kann.  
5) The pH Wert ist der kritischste Parameter in diesem Prozess. Das 
Absinken unter den kritischen Wert (6.8) führt zu einer Senkung der 
Biogasausbeute und zu einer Zerstörung von wichtigen Mitgliedern der 
Gemeinschaft (z.B. Methanogene). Eine pH kontrollierte 
Glykolatfütterung würde das Risiko eines Systemzusammenbruchs durch 
einen pH Einbruch vermeiden.  
6) Ein Anstieg des pH Wertes über das Optimum (6.8 – 7.5) resultiert in 
einer Verringerung der Biogasausbeute, jedoch nicht unbedingt zu einem 
Verlust an Zellmaterial.  
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7) Ein komplexes mikrobielles System ist in der Lage geringe Einträge von 
Sauerstoff zu tolerieren. Glykolat als Substrat ist dafür in jedem Fall von 
Nöten, um den Sauerstoffgehalt unterhalb der Toleranzgrenze zu halten. 
Jedoch führt dies unweigerlich zu einem Verlust der Biogasausbeute.   
8) Glykolat eignet sich als Substrat für andere biotechnologische Prozesse. 
Abbauprodukte, wie Malat, können in zentrale biochemische Wege (z.B. 
Citrat-Zyklus) eingeführt und verstoffwechselt werden.  
9) Die Anreicherung von Glykolat, Acetat, Propionat und Glyoxylat ist ein 
Signal für ein gestörtes System. Allerdings, eignet sich nur Glykolat als 
direktes Signalmolekül für Prozessinstabilitäten. Die anderen 
organischen Säuren treten, aufgrund der langsamen mikrobiellen 
Anpassung, erst nach einer zeitlichen Verzögerung auf.  
10) Die Umwandlung von Glykolat zu Glyoxylat ist der 
geschwindigkeitsbestimmende Schritt. Prozessstörungen, die zu einer 
verminderten Biogasausbeute führen, gehen immer mit einer gestörten 
Glykolatumsetzung einher.  
11) Die mikrobielle Gemeinschaft kann lange Zeiten ohne Substrate 
auskommen, indem sie sich in ein inaktives Stadium begibt.   
12) Eine definierte mikrobielle Zusammensetzung ist an der Umsetzung von 
Glykolat zu Methan beteiligt. Eine Änderung dieser Zusammensetzung 
führt zu einer Verringerung der Biogasausbeute und Prozessstabilität. 
13) Methanogene sind nicht in der Lage Glykolat direkt umzusetzen. Sie 
benötigen eine Gemeinschaft von mindestens einem Glykolat-
abbauenden Bakterium und einem methanogenen Archaea.  
14) Änderungen der Umweltbedingungen resultieren in der Umstrukturierung 
des metabolischen Setups im Medium. Aus diesem Grund werden 
sowohl hydrogenotrophe, als auch acetoklastische Methanogene im 
System benötigt, um einen stabilen Prozess zu garantieren. Jedoch wird 
der acetoklastische Methanogeneseweg unter optimalen 
Prozessbedingungen bevorzugt.  
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15) Eine Verringerung der Diversität der mikrobiellen Gemeinschaft würde 
eine Prozessüberwachung vereinfachen, da sich die Zahl der 
variierenden Parameter verringert. Allerdings würde die Prozessstabilität 
sinken. Sauerstoffeintrag, pH Wert Änderungen oder die Anreicherung 
von organischen Säuren, wie Acetat, können vom System nicht toleriert 
werden, da Organismen, die mit solchen Bedingungen umgehen 
könnten, fehlen. 
16) Organismen, die im Abbau von totem Zellmaterial involviert sind, sind 
wichtig für die Prozessstabilität.   
17) Organismen des durchflusszytometrischen Clusters 1 oder 
Planctomycetaceae und Bacteroidetes sind sehr wichtig für die 
Umsetzung von Glykolat zu Methan. Außerdem sind 
prozessstabilisierende Organismen, wie Angehörige des Clusters 3 oder 
der Organismus mit dem T-RF 209 bp, wichtig für die Funktionalität des 
Systems unter sub-optimalen Bedingungen.   
18) Durchflusszytometrie ist ein geeignetes Mittel, um mikrobielle Prozesse 
zu beobachten. Allerdings eignet sie sich nicht, um derzeit 
Systemversagen in unserem Biogasreaktor vorherzusagen. Die 
Reaktionszeit der mikrobiellen Gemeinschaft auf Veränderungen ist zu 
langsam. Diese Zeit ist bereits ausreichend, um einen Zusammenbruch 
herbeizuführen. Ein System mit einer höheren Pufferkapazität im Medium 
könnte hilfreich sein, um die Durchflusszytometrie als Vorhersagemittel 
für Prozessinstabilitäten zu verwenden.  
19) Die Verwendung von T-RFLP zur Beobachtung der mikrobiellen 
Gemeinschaft ist nur interessant, wenn Organismen benannt werden 
sollen. Andernfalls eignet sich die Durchflusszytometrie mehr um 
mikrobielle Dynamiken zu beobachten. Sie ist schnell und kann auch 
zwischen verschiedenen Aktivitätsstadien von Mikroorganismen 
unterscheiden.   
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1. Background  
1.1 Conventional biogas production  
The diminishing buffers of fossil-based energy sources and the climate changes 
make it necessary to find new energy sources based on renewable materials 
over the next decades. Furthermore, the demand of new energy sources 
increases after the demolition of the nuclear power plants until 2022 was 
announced in Germany.  
22.6 % of the electrical gross energy was produced from renewable sources 
in Germany in the year 2012 (FNR, 2014). Wind, solar and hydropower supplied 
the main portion of renewable energy sources, while 32.3 % of this portion was 
produced from biomass (FNR, 2013). In the year 2012, 50.2 % of the biomass 
based electricity production was generated from biogas (FNR, 2013).  
Biogas is a mixture of gases produced during the anaerobic breakdown of 
organic material by microorganisms. It is mainly composed of methane and 
carbon dioxide and may contain small amounts of hydrogen sulphide, hydrogen, 
and other gases. Substrates for conventional biogas plants can be obtained 
from the agricultural or industrial sector. Additionally, renewable material can be 
used. Currently, the main substrates for biogas plants are maize, distillers 
grains with solubles or manure (Manz et al., 1994; Zhang et al., 2013). The 
substrate has the main impact on the biogas composition due to its defined ratio 
of carbon, hydrogen, nitrogen and sulphur. However, the different structures of 
the substrates cause a huge variance of the gas compositions in different 
biogas plants and also within one biogas plant (Table 1).  
 
Table 1: Gas composition of various substrates (FNR , 2013).  
Gas Content  
Methane (CH4) 50 – 75 % 
Carbon dioxide (CO2) 25 – 45 % 
Water vapour (H2O) 2 – 7 % 
Oxygen (O2) < 2 % 
Nitrogen (N2) < 2 % 
Ammonia (NH4
+) < 1 % 
Hydrogen sulphate (H2S) < 1 % 
Trace gases < 2 % 
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“The Renewable Energy Sources Act (EEG) aims to advance the production of 
electricity from renewable sources of energy.” (FNR, 2013). Three amendments 
to the EEG were done in the years 2004, 2009 and 2012 to further optimize the 
use of renewable energy sources for energy production. This caused a rapid 
increase of the electric capacity of biogas plants in Germany until the year 
2011. However, the amendment in the year 2012 included higher financial 
compensation when waste products from agricultural sources (e.g. manure) are 
used as substrates in biogas plants instead of maize or sugar beets. 
Additionally, the usage of maize and grains as substrates were limited. A 
stagnation of the installed electric capacity of biogas plants in Germany was 
observed probably induced by the EEG 2012 (Figure 1).  
Biogas produced from biomass will play an important role among renewable 
energy sources. It is suitable to produce electricity, heat and fuel as natural gas 
substitute. Additionally, it can be easily stored. A huge advantage over other 
renewable energy sources is that there are no fluctuations due to the time of the 
year or day or the weather. It can be supplied into local gas networks or stored 




EEG 2004 EEG 2009 EEG 2012
 
Figure 1: Development in the installed electrical c apacity of biogas plants in Germany 
until 2013. Adapted from FNR, 2013. 
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1.2 New concept: generation of biogas from glycolat e  
46 % of the biogas produced in Germany in the year 2010 was generated from 
energy crops like maize. However, they are widely discussed in the ongoing 
"food vs. fuel debate" (Thompson, 2012). Therefore, algae have been identified 
as a promising renewable energy substrate due their shorter lifecycles and 
independence from fertile agricultural land (Stephens et al., 2010; Wiley et al., 
2011). However, the major drawback to use microalgal biomass for biogas 
production is the high energetic loss during the conversion of photon into 
biomass. 1.2 % incident energy from the sun can be found in the harvested 
algal biomass (Wilhelm et al., 2015 in print). Alternative strategies bypassing 
these metabolic costs are of huge interest in order to increase the efficiency 
from the absorbed photon to the final product resulting in a new concept to 
produce biogas (Günther et al., 2012a; Wilhelm et al., 2011). It combines the 
phototrophic formation of glycolate (Figure 2) and its degradation into methane 
(further details can be found in chapter 1.6). The photosynthetic energy is 
mainly converted into glycolate and to lower extend into biomass which is a 
great advantage over former algal based biogas which are biomass based. It 
could already be observed that the conversion of glycolate into methane could 
work (Friedrich and Schink, 1993, 1995; Friedrich et al., 1991). Additionally, the 
biogas refinement will be much easier because gases, like hydrogen sulphate, 
are produced only to low extend due to the low content of sulphur in the 
substrate (glycolate, vitamins and trace elements). A concept where the 
substrate production for the methanogenesis and the methane formation takes 
place in close proximity would cause very low transportation costs. The usage 








Figure 2: Structure of glycolate. 
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1.3 Glycolate formation during the photorespiration  
Plants and algae produce building blocks for sugars during the Calvin cycle. 
The key enzyme of this reaction is the Ribulose-1,5-bisphosphate-
Carboxylase/Oxygenase (RuBisCO; EC number: 4.1.1.39). It converts ribulose-
1,5-bisphosphate and carbon dioxide to two molecules 3-phosphoglycerate 
(Figure 3, left cycle). 3-phosphoglycerate is further metabolized to ribulose-1,5-
bisphosphate and to a building block for sugars during the Calvin cycle. 
However, this enzyme can also fixate oxygen resulting in the conversion of 
ribulose-1,5-bisphosphate to 3-phosphoglycerate and 2-phosphoglycolate 
during the photorespiration (Figure 3, right cycle). The 3-phosphoglycerate 
produced during the oxygenation reaction can be recycled during the Calvin 
cycle. However, the 2-phosphoglycolate has to be removed quickly because it is 
toxic for the cell (Hackenberg et al., 2009). It can be converted over several 
steps into 3-phosphoglycerate during the photorespiration and thus be 
introduced in the Calvin cycle again. Furthermore, it can be converted into 
glycolate by dephosphorylation by the phosphoglycolate phosphatase (Eisenhut 
et al., 2008). This organic acid can be excreted by some green algae (Cheng et 
al., 1972; Colman et al., 1974; Moroney et al., 1986) or converted into 3-
phosphoglycerate or carbon dioxide within the cell.  
Natural environments have much higher concentrations of oxygen in 
comparison to carbon dioxide which is caused by photosynthetic active 
organisms (i.e. 21 % oxygen and 0.04 % carbon dioxide in air). This would 
favour the photorespiration within these organisms and thus causing carbon 
losses. Therefore, several mechanisms were developed to circumvent these 
losses. Firstly, the RuBisCO has a much higher affinity for carbon dioxide (Km = 
9 µM) than for oxygen (350 µM; Keys, 1986). Second, nearly all algae and 
many plants are able to perform carbon concentrating mechanisms to attain 
carbon from aqueous phases and to overcome the limitations of growth due to 
the low atmospheric carbon dioxide concentrations (Reinfelder, 2011). These 
mechanisms are used to increase the cell internal carbon dioxide levels many 
times over the environmental concentration around the RuBisCO resulting in an 

































Figure 3: Pathways of RuBisCO. RuBisCO (Ribulose-1,5-bisphosphate-
Carboxylase/Oxygenase) can perform a carboxylation (left cycle) and a oxygenation (right 
cycle) reaction (Taylor et al., 2001). 
 
 
For the new concept presented in this thesis, high glycolate excretion rates are 
of high interest (Günther et al., 2012a; Wilhelm et al., 2011). However, the cells 
have optimized their metabolism in direction of the Calvin cycle to reduce the 
carbon loss. For the previously described biogas formation approach, the cells 
have to be forced to perform photorespiration at higher rates to gain more 
glycolate. However, the Calvin cycle and the photorespiration have to take 
place in a balanced way to ensure that the losses of carbon will not be higher 
than the carbon fixation. For the presented approach, a ratio of two 
carboxylation reaction and one oxygenation reaction is wanted. 
One option to increase the photorespiration level would be to cultivate the 
cells at higher oxygen levels to obtain more oxygenation reactions. A further 
alternative could be to use mutants where the carbon concentrating 
mechanisms are repressed (Günther et al., 2012a) which would shift the 
reaction equilibrium towards the oxygenation reaction. Additionally, the work 
with a glycolate dehydrogenase (EC number: 1.1.99.14) mutant would be 
promising. This enzyme is responsible for the conversion of glycolate to 
glyoxylate. Further metabolites of glyoxylate, like glycine, pyruvate or glycerate, 
can be integrated in the cellular metabolism again (Günther et al., 2012a). A 
mutation in the glycolate dehydrogenase would force the cell to dispose the 
toxic glycolate in another way, for example by excretion.  
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1.4 Glycolate metabolism in the biogas compartment  
1.4.1 Glycolate metabolism 
Although glycolate is a simple substrate, it was predicted that it cannot be 
converted directly into methane by methanogens but a syntrophic association of 
bacteria and methanogens is needed (Friedrich and Schink, 1993, 1995; 
Friedrich et al., 1991, 1996). It is not clear whether glycolate is directly 
converted or over several steps into a substrate suitable for the methanogens.  
Several pathways for the degradation of glycolate under aerobic conditions 
were described. All pathways have in common that the glycolate is first 
activated to glyoxylate which is further metabolized in the following pathways 
(Figure 4).  
In many organisms that use glycolate as sole carbon source, the 
replenishment of tricarboxylic acid cycle intermediates is achieved by the 
operation of the glycerate pathway (Figure 4A, blue pathway; Hansen and 
Hayashi, 1962; Kornberg and Gotto, 1961; Kurz and LaRue, 1973). However, it 
was also reported that the activity of a key enzyme (glyoxylate-carboligase) of 
the glycerate pathway was absent in Micrococcus denitrificans. It uses the β-
hydroxyaspartate pathway to yield a C4 dicarboxylic acid precursor for the 
tricarboxylic acid cycle (Figure 4A, red pathway; Kornberg and Morris, 1965). 
Additionally, the dicarboxylic pathway was described previously in Escherichia 
coli (Figure 4A, green pathway; Kornberg and Sadler, 1960; Ornston and 




















Figure 4: Known aerobic degradation pathways of gly colate. The pathways for the glycolate 
degradation into valuable substrates for methanogenesis (fat letters): the glycerate (blue ), β-
hydroxyaspartate (red ) and dicarboxylic acid (green ) pathway. The β-hydroxyaspartate and the 
dicarboxylic acid pathway were described only under aerobic conditions. 
 
 
Currently only isolates of Oxalobacter formigenes (Cornick and Allison, 1996), 
Desulfofustitis glycolicus, Syntrophobotulus glycolicus (Friedrich and Schink, 
1993, 1995; Friedrich et al., 1991, 1996), Morella sp. strain HUC22-1 (Sakai et 
al., 2008), Moorella thermoacetica (Seifritz et al., 1999) and Lachnospiraceae 
sp. (Janssen and Hugenholtz, 2003) are known to degrade glycolate 
anaerobically. Only the glycerate (Figure 4A, blue pathway) and the malyl-CoA-
pathway (Figure 5) were found under these conditions (Cornick and Allison, 
1996; Friedrich and Schink, 1993; Friedrich et al., 1991; Sasaki et al., 2009). It 
was predicted that glycolate was firstly converted into glyoxylate and then 
further metabolized in the malyl-CoA cycle for biogas formation (Figure 5; 
Friedrich and Schink, 1993; Friedrich et al., 1991; Sasaki et al., 2009). The 
resulting CO2 and H2 can be used for the methanogenesis or to form acetate in 
the Wood-Ljungdahl pathway (Figure 6). Acetate can be metabolized to 
methane by methanogenic archaea or converted back to CO2 and H2 by acetate 
oxidizing bacteria.  
1. Background 
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In total, four molecules of glycolic acid were converted into three molecules of 
methane, five molecules of carbon dioxide and two molecules of water 
(Equation 1).  
 
4 C2H3O3





















Figure 5: The predicted malyl-CoA cycle of the glyc olate metabolization as substrate for 
biogas formation. (1) unidentified glycolate oxidizing activity; (2) malyl-CoA lyase; (3) malate-
CoA ligase; (4) malic enzyme; (5) pyruvate synthase; CoA – coenzyme A; Fdox/red – 
oxidized/reduced ferredoxin; X = an unknown electron acceptor; ADP – adenosine diphosphate; 
ATP – adenosine triphosphate. The figure was adapted to Friedrich and Schink, 1993; Friedrich 





The Wood-Ljungdahl pathway is used by obligatory anaerobic bacteria and 
archaea as their main mechanism for the synthesis of acetyl-CoA and cell 
carbon from CO2 and for energy conservation (Ragsdale and Pierce, 2008). 
They can use H2 as an electron donor and CO2 as an electron acceptor 
resulting in the fixation of two molecules of CO2. One molecule of CO2 is 
reduced to a methyl group in the methyl branch of this pathway (Figure 6, left), 
while a second molecule is reduced to CO in the carbonyl branch of this 
pathway (Figure 6, right; Ragsdale, 1997). The acetyl-CoA synthase accepts 
the methyl group and combines it with CO to form an enzyme-bound Ni-acetyl 
group and releases this group with coenzyme A to form acetyl-CoA. The 
pathways between the acetogens (Figure 6, red) and the methanogens (Figure 
6, blue) differ only in enzyme and cofactor setup. Apart from that, the reactions 




Figure 6: The Wood-Ljungdahl pathway. The upper part (red) shows the variant of the 
pathway functioning in acetogens and the lower part (blue) depicts the pathway in 
methanogens. Fdox/red – oxidized/reduced ferredoxin; THF – tetrahydrofolate; H4TPT –
tetrahydropterin in acetogens and tetrahydromethanopterin or tetrahydrosarcinopterin in 
methanogens; MFR – methanofuran; F420 – coenzyme F420. Enzymes: (1) formate 
dehydrogenase; (2) formyl-THF synthetase; (3) formyl-MFR dehydrogenase; (4) formyl-
MFR:tetrahydromethanopterin formyltransferase; (5) methenyl-THF cyclohydrolase; (6) 
methenyl-tetrahydromethanopterin cyclohydrolase; (7) methylene-THF dehydrogenase; (8) 
methylene-tetrahydromethanopterin dehydrogenase; (9) methylene-THF reductase; (10) 
methylene-tetrahydromethanopterin reductase; (11) CO dehydrogenase/acetyl-CoA synthase. 






The conversion of CO2, H2, acetate or methyl-group containing compounds to 
CH4 is performed by methanogenic archaea (Shima et al., 2002). Methanogens 
are categorized as strict anaerobes, with no or little tolerance to O2 (Jarrell, 
1985; Ueki et al., 1997). They are so far the microbial group having the oldest 
evolutionary history of all microorganisms, dating back to the geological ages of 
the earth where no atmospheric O2 was present (Barley et al., 2005). It was 
predicted that strict anaerobes are not able to synthesize the enzyme 
superoxide dismutase which is able to detoxify oxygen ions and radicals, like 
O2
-, O2
-2, OH. (Kato et al., 1993; Rolfe et al., 1978; Zeng and Deckwer, 1996; 
Zitomer and Shrout, 1998). Furthermore, it is believed that some of the 
methanogenic enzymes are inhibited by O2 (Botheju, 2011). So far known, CH4 
can be produced over the hydrogenotrophic, acetoclastic and methylotrophic 
methanogenesis (Figure 7). The key enzyme is the methyl-coenzyme M 
reductase. It reduces methyl-coenzyme M to CH4 whereby the oxidized 
coenzyme M forms a complex with coenzyme B (Duin and McKee, 2008).  
The hydrogenotrophic pathway is the most widespread methanogenesis 
pathway and can be found in all methanogenic orders (Bapteste et al., 2005). It 
involves the reduction of CO2 with H2 as an electron donor through the formyl, 
methylene and methyl levels (Figure 7; equation 2) by special coenzymes 
(methanofuran, tetrahydromethanopterin, coenzyme M; Reeve et al., 1997). 
Additionally, some hydrogenotrophs can use secondary alcohols, cyclopentanol 
and ethanol as electron donors (Bleicher et al., 1989; Widdel and Wolfe, 1989). 
 
4 H2 + CO2  CH4 + 2 H2O         (2) 
 
Acetate is directly converted into methane during the acetoclastic 
methanogenesis. The carboxyl-group of the acetate is oxidized to CO2 whereby 
the methyl-group is reduced to methane (Figure 7, equation 3; Ferry, 1997).  
  




Figure 7: Three pathways of methanogenesis. The acetoclastic (right, grey lines), 
hydrogenotrophic (middle, black lines) and methylotrophic (left, dashed lines) pathways are 
visualized. Source: Bapteste et al., 2005. 
 
 
A small group of methanogens is able to utilize methyl-group containing 
compounds such as methanol, methylated amines and methylated sulphides 
during the methylotrophic methanogenesis (Figure 7, equation 4; Singh et al., 
2005). The methyl-groups of the methylated compounds are transferred to the 
coenzyme M, which is afterwards converted to methane.  
  
4 R-COO-CH3 + 4 H2O  4 R-COOH + 2 H2O + CO2 + 3 CH4   (4) 
 
In addition, some methanogens, like Methanothermobacter thermautotrophicus, 
Methanosarcina barkeri and Methanosaeta acetivorans (Lessner et al., 2006) 
are able to metabolize CO to methane. However, these species produce most 
of their CH4 using the “classical” pathways. 
1. Background 
12  
1.5 Possible microbial composition of the biogas re actor used in this 
thesis  
The malyl-CoA cycle was predicted as degradation pathway of glycolate into 
valuable substrates for the methanogenesis (Friedrich and Schink, 1993, 1995; 
Friedrich et al., 1991). This working group has analyzed a mixed culture 
containing a glycolate degrading strict anaerobic bacteria (Desulfofustis 
glycolicus gen. nov. sp. nov. or Syntrophobotulus glycolicus gen. nov. sp. nov.) 
and a methanogenic archaea (Methanospirillum hungatei). This consortium was 
already tested concerning its suitability for the production of biomass for several 
biogas plants. However, it was impossible to cultivate these organisms.  
Therefore, cell material was gained from a conventional biogas plant for the 
reactor explained in this thesis. This biogas plant was fed with dairy manure and 
maize silage. In principle such complex organic materials are degraded during 
the anaerobic digestion divided into four steps: hydrolysis, acidification, 
acetogenesis and methanogenesis, while all steps takes place simultaneously 
(Figure 8; Appels et al., 2008).  
The hydrolysis of the organic material is the first step in the conversion which 
is meant to be the rate-limiting phase during the anaerobic digestion (Veeken 
and Hamelers, 1999; Wang et al., 2010a). Hydrolytic enzymes, like proteases, 
lipases, amylases or cellulases are excreted by hydrolytic bacteria to degrade 
proteins, lipids and carbohydrates into amino acids, fatty acids and sugars 
(Weiland, 2010). The metabolic products gained during the hydrolysis are 
converted subsequently by fermentative bacteria to volatile acids, as well as 
alcohols, ammonia, carbon dioxide and hydrogen. This process is called 
acidification. Higher volatile acids and alcohols are further converted to acetate, 
carbon dioxide and hydrogen by acetogenic and acetate oxidizing bacteria 
during the acetogenesis and acetate oxidation. The conversion of carbon 
dioxide, hydrogen, acetate or methyl-group containing compounds to methane 
are performed during the methanogenesis by methanogenic archaea (Shima et 






















Figure 8: Simplified diagram of the decomposition o f organic matter during biogas 
production. Selected metabolites (left) are converted by the corresponding microorganisms 
(right) during the different steps (left, fat letters). Adapted to Appels et al., 2008. 
 
 
Due to the complexity of the substrate (manure and maize silage) used in this 
conventional biogas plant; microorganisms from all four anaerobic digestion 
steps could be found in the reactor system adapted to glycolate. 
Hydrolytic and acidogenic bacterial strains were identified as for example, 
Clostridium botulinum, C. thermocellum, C. leptum, Desulfovibrio desulfuricans, 
Bacteroides termitidis, Pirochaeta aurantia, Treponema palladium, 
Anaerobaculum mobile, Petrotoga sp. and Symbiobacterium sp. (Cotta et al., 
2003; Ohkuma and Kudo, 1996; Snell-Castro et al., 2005; Weiss et al., 2008; Yi 
et al., 2014). Acetogens such as Syntrophomonas wolfei and Syntrophobacter 
wolinii (Boone and Bryant, 1980; Meher and Ranade, 1993) and archaeal 
methanogens belonging to Methanosaeta sp., Methanocorpusculum sp., 
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Methanoculleus sp., Methanobacterium sp., Methanosarcina sp. and 
Methanobrevibacter sp. (Meher and Ranade, 1993; Ney et al., 1990; Zhao et 
al., 1986; Whitehead and Cotta, 1999) were isolated from biogas forming 
systems in several studies. A number of studies have indicated that only a small 
portion of the microorganisms (0.1 – 25 %) were cultivatable (Cotta et al., 
2003). 
Most acetogenic bacteria grow in symbiosis with hydrogenotrophic 
methanogens because of energetic reasons (Nettmann et al., 2010). Therefore, 
most hydrogen-producing bacteria cannot be grown in pure culture which 
hampers detailed characterization of those microorganisms (Weiland, 2010). 
The symbiotic interaction between hydrogenotrophic methanogens and 
acetogenic bacteria is caused by the concentration of hydrogen. Only at a low 
partial pressure of hydrogen both metabolic pathways can occur at highest 
efficiency. Low partial pressure can be ensure by interspecies hydrogen transfer 
(Schink, 1997). Representatives of this group belong to the orders of 
Syntrophomonas, Syntrophobacter, Clostridium and Acetobacterium (Hattori, 
2008; Weiland, 2010). 
In Figure 9, an exemplary distribution in a continuously stirred tank reactor 
fed with maize silage and pig manure slurry is shown. It could be observed that 
bacteria dominate the community, while only 10 % were archaea of the 
microbiome. Clostridia was the main class within the bacterial phylum 
Firmicutes. It could be observed that the hydrogenotrophic methanogens had 









3 % Actinobacteria (class) 
















Eukaryota 0.3 % (44)
Unclassified (derived from unclassified sequences) 0.05 % (6)
Unclassified (derived from other sequences) 0.04 % (5)








Figure 9: Taxonomic distribution of a biogas commun ity in a continuously stirred tank 
reactor fed with maize silage and pig manure slurry . The data set was generated after 
assembling the contig sequences to microbial genome. The numbers in parentheses show the 
abundances, i.e. the number of sequence features with a hit. Source: Wirth et al., 2012. 
 
 
Several pathways were predicted or already described which could be involved 
in the degradation of glycolate to methane. Table 2 shows substrates which 
could be detected in the reactor during the degradation process. The potential 
products and the corresponding pathways and known organisms are also listed.  
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Table 2: Potential substrates, the corresponding pr oducts, pathways and known 
organisms in the reactor system fed with glycolate.   
 

































































1.6 Challenges for the single reaction compartments  
Several challenges need to be overcome to develop a functional unit which 
converts photons, CO2 and O2 into CH4.  
In the first compartment, photons, CO2 and O2 should be converted into 
glycolate (Figure 10). The new concept intents that algal biomass is formed only 
to a minor extend. Therefore, the metabolic costs due to biomass turnover 
would be reduced. Currently, a sufficient amount of glycolate is only produced 
at increased oxygen levels (e.g. 40 %). The optimization of the conversion of 
photons into glycolate is performed by the working group “Plant physiology” 
(University of Leipzig). The aims are the increase of the glycolate excretion and 
the reduction of the oxygen level which has to be applied to the algal 
compartment. 
A further challenge is the separation of the glycolate and the oxygen in the 
product stream of the algal compartment (Figure 10). Furthermore, the 
development of an algal biofilm was of huge interest to optimize the light, 
substrate and product distribution. These topics were analyzed by the Institute 
for Environmental Process Engineering (University of Bremen). 
After the glycolate has passed the oxygen removal section, it should reach 
the biogas compartment (Figure 10). This compartment is the topic of this 
thesis. 
The feasibility of this concept was already tested in a small approach 
(Günther et al., 2012a). The Karlsruhe Institute of Technology is consigned with 













Figure 10: Basic concept of the new photobioreactor  for the formation of biogas from 
light and carbon dioxide with glycolate as intermed iate.  
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2. Aims of the thesis   
A digestate based on maize silage and manure was used as stock to start a 
biogas system based on glycolate as carbon source. Two biogas reactors (37°C 
and room temperature (20 – 27°C)) based on this substrate were already 
established. These systems were able to convert glycolate into methane.  
 
Several questions were unsolved and should be analyzed in this thesis:  
 
1) What conditions are needed for a stable glycolate to methane 
conversion?  
Which parameter variations (glycolate, pH, oxygen, temperature) do 
have an influence on the biogas production and process stability and 
thus need to be controlled?  
What are the limitation borders of these parameters?  
 
2) How can the descriptive results gained from point 1 be transferred to a 
functional (microbial) level? How respond the microbial community on 
parameter variations?  
Which organisms fulfil which task during the biogas formation process? 
In which metabolic pathways are these organisms involved?  
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3. Materials and methods  
3.1 Digester configuration and running parameter  
Digestate from a biogas plant in Ragewitz, Germany, was used to start the 
reactor system. It was fed with dairy manure and maize silage. The biogas 
reactor was adapted to a glycolate containing media (Table 3) and stably 




Table 3: Media composition of the feed solution. pH was adjusted to 7.2 with NaOH. 
Component Concentration 
Salts 
KH2PO4 0.2 g L
-1 
NH4Cl 0.25 g L
-1 
NaCl 1 g L-1 
MgCl2· 6 H2O 0.4 g L
-1 
KCl 0.5 g L-1 
CaCl2· 2 H2O 0.15 g L
-1 




FeCl2· 4 H2O 3 µg L
-1 
ZnCl2 140 µg L
-1 
MnCl2 ·4 H2O 0.2 mg L
-1 
H3BO3 12 µg L
-1 
CoCl2 · 6 H2O 0.38 mg L
-1 
CuCl2·· 2 H2O 4 µg L
-1 
NiCl2 · 6 H2O 48 µg L
-1 
Na2MoO4 · 2 H2O 72 µg L
-1 
Vitamins 
Vitamin B12 50 µg L
-1 
p-Aminobenzoic acid 40 µg L-1 
D(+)-Biotin 10 µg L-1 
Nicotinic acid 100 µg L-1 
Calcium pantothenate 50 µg L-1 
Pyridoxine hydrochloride  150 µg L-1 
Thiamine-HCl · 2 H2O 100 µg L
-1 
Folic acid 15 µg L-1 
Lipoic acid 5 µg L-1 
 



























Figure 11: Schematic reactor setup. The corresponding functions to the elements can be 
found in italic letters. The reactor at room temperature was not connected to a water bath. 
 
 
Two separate biogas fermentation systems were run in 5 L reactors with a 
working volume of 3.5 L (Braun, Germany). Fermentation temperatures were 
37°C or room temperature (20 – 27°C), respectively. The reactor system ran at 
room temperature had no temperature control unit (E100, Lauda, Germany; 
Figure 11). The feeding occurred over a hollow needle and a pump (101U, 
Watson-Marlow GmbH, Germany) controlled by a time switch (25750, REV-
Ritter GmbH, Germany) to adjust hydraulic retention time (HRT), glycolate feed 
and feed rhythm. Stirring occurred only during the feeding time (60 rpm, 
Modelcraft RB-35, Conrad, Germany; Figure 11). Gas volume produced during 
the process was measured by a milligascounter (MGC-1, Ritter GmbH, 
Germany). Sampling of the system occurred over a sampling tube or a gas 
collection tube (350 ml, VWR International GmbH, Germany). The digestate 
was stirred for 30 seconds prior sampling to obtain a homogenous sample.  
The reactor ran at room temperature was started from backup samples of 
the reactor ran at 37°C before day zero. The running parameters for both 
reactors can be found in Table 4 or Table 5. Oxygen was stripped out by 
nitrogen from the reactor at every start (underlined days in Table 4 or Table 5). 
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500 ml backup samples were taken after this amount was added in total to the 
reactor. The backup samples were washed with nitrogen and stored at 37°C 
without feeding and stirring. The maximal storage time was five months. Backup 
samples from day 107, 120, 144, 151, 156, 178 and 210 were used to start the 
system at day 232 in the reactor run at 37°C. Backup samples from day 255, 
278, 303, 332, 357, 389 and 401 were used to start the system at day 426 in 
the reactor run at room temperature. 
Results of the reactor at 37°C were mainly shown in this thesis. The 
manufacturers of the chemicals and the equipment can be found Appendix 
Supporting Table 1 and Supporting Table 2. 
 
 
Table 4: Fermentation and running configurations of  the reactor run at 37°C. Underlined 
days indicated the starts of the reactor system from backup samples. The glycolate was 
dissolved in the appropriate amount of media (Table 3). HRT –hydraulic retention time. 
Changed 
at day  
Glycolate feed  
[g L -1 d-1] 
HRT 
[d] 
pH of the feed  
solution Feed rhythm 
0  0.176 417 
3 
 
Every 4.8 h  
(5 times per day) 127  0.930 120 
164 0.903 
124 Every 1.2 h  (20 times per day) 191 1.806 
210  3.612 
232  0.341 470 
Every 4.8 h  
(5 times per day) 
256  0.455 353 
269  0.569 282 





Every 2.4 h  
(5 times per day); 
12 h break 
407 7 




Table 5: Fermentation and running configurations of  the reactor run at room temperature. 
Underlined days indicated the starts of the reactor system from backup samples. The glycolate 
was dissolved in the appropriate amount of media (Table 3). HRT – hydraulic retention time. 
 
Changed 
at day  
Glycolate feed  
[g L -1 d-1] 
HRT 
[d] 
pH of the feed 
solution feed rhythm 
0  0.071 1240 
3 
 
Every 8 h  
(3 times per day) 
306 0.095 930 Every 6 h  (4 times per day) 
319 0.118 744 
Every 4.8 h  
(5 times per day) 
343 0.296 298 
351 0.444 298 
369 0.888 298 
426 0.143 391 Every 6 h  
(4 times per day) 509 0.234 234 
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3.2 Analytical methods  
3.2.1 pH and FosTac 
The FosTac value represents the ratio between volatile organic acids and total 
inorganic carbon. The determination of the pH and the FosTac was adapted to 
the method of Rieger and Weiland, 2006 as follows. 20 ml cell-free digestate 
(1:10 diluted) was titrated with 5 mM H2SO4 (Knick Portamess 913, WTW 
GmbH, Germany). The reliability of the adapted method can be found in 
Supporting Information 1.  
 
 
3.2.2 Detection of organic acids and alcohols 
A HPLC system (10AVP, Shimadzu GmbH, Germany) with a Rezex ROA-
Organic Acid H+ (8%) 300 x 7.8 mm column (Phenomenex Ldt., Germany) and 
a RI detector (RID-10A, Shimadzu GmbH, Germany) was used to determine the 
concentrations of ethanol, acetic, propionic, pyruvic, glycolic and glyoxylic acid 
in the digestate. The measurement was performed at 70°C. The mobile phase 
was 5 mM H2SO4 (0.6 ml min
-1). The flow was adjusted in an isocratic way. The 
digestate was spun (3.200xg, 10 min, mini spin, Eppendorf AG, Germany) 
before the measurement and the supernatant was filtered by syringe filters (0.2 
mm) to exclude particles from the sample.  
 
 
3.2.3 Biogas formation and composition 
Biogas production was monitored using a milligascounter (MGC-1, Ritter 
GmbH, Germany). The biogas yield was calculated as ratio of the 
experimentally detected amount to the theoretically possible amount with 
glycolate as substrate (Friedrich et al., 1991). The value was corrected by the 
impact of the temperature and pressure. Both parameters were detected by a 
weather station (WMRS200 station, Oregon Scientific GmbH, Germany).  
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Biogas composition was measured by gas chromatography with a CarboPlot P7 
25 x 0.53 column (Shimadzu GmbH, Germany) and a thermal conductivity 
detector (Micro TCD 2045 Detector, Chrompack, Shimadzu GmbH, Germany). 
Argon served as carrier gas (1.3 ml min-1). Before measurement, the gas 
syringe (Clexane 1 ml) was washed with argon to exclude air contaminations.  
 
 
3.2.4 Dissolved oxygen 
The dissolved oxygen level in the reactor was measured by an optode (Microx 
TX3, PreSens Precision Sensing GmbH, Germany). For the calibration of the 
100 % oxygen value, water was shaken under normal air condition for 5 min. 
500 mg sodium dithionite was added to water to calibrate the optode for the 0 % 
oxygen value.  
 
 
3.2.5 Carbon content of the solids of the digestate 
The composition of the solids of the digestate was determined by a multi N/C 
3100 with an infrared detector (Analytik Jena AG, Germany) from day 398, 410, 
424 and 445. 200 µL of dissolved sample (in Aqua bidest.) was burned in a 
quartz reactor at 850°C in an oxygen stream (12 L h-1) to determine the total 
carbon content. The production of carbon dioxide was measured by the internal 
infralyt. For the detection of the total inorganic carbon, the sample was 
dissolved in phosphoric acid (10 %). The inorganic carbon was converted into 
carbon dioxide which was detected over the internal infralyt.  
 
 
3.2.6 Buffer capacity 
The buffer capacity of the media was determined by adding defined amounts of 
solid glycolate to samples of the digestate of the reactor run at 37°C from day 
793 and 843. The pH was determined after each addition.  
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3.3 Flow Cytometry  
3.3.1 Measurement principle 
The flow cytometry is a method to analyze cells. The measurement principle is 
based on the light emission behaviour of cells after they have passed a laser. 
The cells and particles are focussed in a sheath fluid and channelled through a 
micro channel. Single cells or particles are passing a laser. The generated 
scattering or fluorescence light is analyzed by detectors (Figure 12A).    
Cells and particles have different scattering behaviour depending on their 
size and granularity (Figure 12B). Two types of scattering can be distinguished. 
The forward scatter (FSC) represents the cell size (Koch et al., 2013a). Huger 
cells result in a higher FSC signal. The side scatter (SSC) is influenced by the 
cell composition. An increase in the SSC is caused by an increase in 
granularity. A further parameter which is useful for the flow cytometer is a 
fluorescence signal of the cells. Methanogenic cells have an autofluorescence 
induced by e.g. the coenzyme F420. Other cells have to be stained with 
fluorescent dyes, like 4',6-diamidino-2-phenylindole (DAPI). It binds strongly to 
DNA. This dye was already established for the flow cytometry (Müller, 2007; 
Müller et al., 2010).  
The signals (SSC, FSC, fluorescence) can be used to generate dotplots. For 
our purpose, dotplots containing the FSC signal and the fluorescence signal 















Figure 12: Measurement principle of a flow cytomete r (A) and light scattering behaviour 
of particles (B). SSC – side scatter, FSC – forward scatter, FL – fluorescence. 
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3.3.2 Sample fixation and staining 
A 300 µl sample was taken for the flow cytometric analysis and fixed with 1 ml 
2 % paraformaldhyde. The mixture was incubated for 30 min at room 
temperature. Cell pellet (3.200xg, 10 min, mini spin, Eppendorf AG, Germany) 
was dissolved in 2 ml 70 % ethanol and stored at -20°C until measurement 
(Koch et al., 2013a). The reliability of the storage procedure can be found in 
Supporting Information 2. Cells were adjusted to an optical density of 0.035 
(dλ700nm = 0.5 cm) with 400 mM Na2HPO4, pH 7.0 and resuspended in 0.5 ml 
11 mM citric acid, 0.8 mM Tween 20. The solution was sonicated (Sonorex 
Digitec, Bandelin electronic GmbH & Co. KG, Germany) for 5 min and 
incubated for 25 min at room temperature. The cell pellet (3.200xg, 10 min, 
5804R, Eppendorf AG, Germany) was stained with 1 ml 1 µM 4′,6-diamidino-2′-
phenylindole in 400 mM Na2HPO4, pH 7.0 for 3 h at room temperature. Prior the 
measurement, the samples were filtered through 50 µm CellTrics® (Partec, 
Germany). Fluorescence beads (0.5 µm Fluoresbrite carboxy BB microspheres, 
Polysciences, USA and 1 µm Polymer mirospheres 350/530, Fisher Scientific 
GmbH, Germany) were added to the samples which served as internal 




A MoFlo cell sorter (DakoCytomation, USA) was used for the cytometric 
measurements. It is equipped with a 488 nm argon laser (400 mW) and a ML-
UV laser (333-365 nm, 100 mW). An excitation wavelength of 488 nm was used 
to measure forward scatter (FSC, 488/10), and side scatter (SSC, trigger signal, 
488/10). The ML-UV excitation was used to measure DAPI fluorescence 
(450/65). Fluorescent beads (1 µm, blue FluoSpheres 350/440, Molecular 
Probes, USA and 2 µm, yellow-green FluoSpheres 505/515, Molecular Probes, 
USA) were used for the instrument adjustment. Cytometric data were analyzed 
with Summit 3.1 (Koch et al., 2013a).  
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3.4 Genetic analysis  
3.4.1 Measurement principle of the terminal restriction fragment length 
polymorphism (T-RFLP) 
T-RFLP is a PCR based fingerprinting technique which is used to study 
microbial community dynamics (Liu et al., 1997). Gene areas, which can be 
found in all cells to be analyzed, are amplified by PCR while one primer is 
labelled with a fluorescent dye (e.g. FAM). The labelled PCR fragments are 
digested with a restriction enzymes resulting in several restriction fragments 
while one per PCR fragment is labelled with the dye. These fragments are 
called terminal restriction fragments (T-RFs). The lengths of these fragments 
depend on the genetic sequence given by the microbial composition. All T-RFs 
in the mixture are separated in a capillary electrophoresis. The number and the 
peak height of the T-RF patterns can used to estimate the microbial diversity in 
a community.  
 
 
3.4.2 DNA extraction 
DNA from reactor samples was isolated using a chloroform:isoamylalcohol 
precipitation. DNA samples were frozen with liquid nitrogen and shaken with 
zirconia/silica beads (0.5 mm, BioSpec Products, USA) at 2000 rpm for 110 sec 
(Microdismembrator, Braun, Germany). 100 µL TE buffer (pH 8.0) and 20 µL 
lysozyme (10 mg ml-1, A&A Biotechnology, Poland) were added and incubated 
for 30 min at 37°C. 5 µL proteinase K (20 mg ml-1, A&A Biotechnology, Poland) 
was added and incubated for 1 h at room temperature. 140 µL 5 M NaCl and 
65 µL 2 % CTAB were added and incubated for 10 min at 65°C. 700 µL 
chloroform/isoamylalcohol (24:1) was added and gently mixed. The mixture was 
incubated for 30 min at 0°C and then spun for 10 min at 14.100xg (5804R, 
Eppendorf GmbH, Germany). The upper phase was precipitated with 510 µL 
cold isopropanol for 2 min at 14.100xg (5804R, Eppendorf GmbH, Germany). 
The pellet was washed with 700 µL 70 % cold ethanol for 2 min at 14.100xg 
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(5804R, Eppendorf GmbH, Germany), dried for 60 min and dissolved in 50 µL 




3.4.3 Polymerase chain reaction (PCR)  
PCR was performed from samples of the reactor system and to generate a 
bacterial and archaeal clone library. The PCR reaction was performed in a 
10 µL reaction volume containing 1 µL reaction buffer S, 0.05 µL peqGOLD 
Taq-DNA-Polymerase (PEQLAB Biotechnologie GmbH, Germany), 1 mM 
MgCl2 (PEQLAB Biotechnologie GmbH, Germany) , 1.6 mM dNTP-Mix 
(PEQLAB Biotechnologie GmbH, Germany), 200 nM of each primer (MWG 
Biotech AG, Germany; Table 6) and 1 µL template DNA. The cycle parameters 
were adjusted as follows: an initial denaturation 94°C for 3 min, 30 cycles of 
30 sec at 94°C, 30 sec at 55°C, 1 min at 72°C, and a final elongation at 72°C 
for 10 min (Mastercycler Gradient, Eppendorf GmbH, Germany). In case of the 
determination of the T-RF from these PCR products, FAM-labelled forward 
primers were used. The PCR products were cleaned with the SureClean kit 
(Bioline GmbH, Germany) according the manufacturers protocol. 
 
 
3.4.4 Digestion of PCR products 
The cleaned PCR products were digested with the appropriate restriction 
enzyme (New England Biolabs GmbH, Germany). 3 µL PCR product, 0.2 µL 
HaeIII (for bacteria) or XhoI (for archaea) and 1 µL CutSmart buffer (New 
England Biolabs GmbH, Germany) was used in a 10 µL reaction volume. 
Reaction was performed over night at 37°C (UM 500, Memmert GmbH & Co. 
KG). The restriction fragments were precipitated with 25 µL ethanol and 1 µL 
3 M sodium acetate (pH 5.5). The pellets (10.600xg, 10 min, 5804R, Eppendorf 
GmbH, Germany) were washed with 90 µL ethanol. Dried DNA pellets (30 to 
45 min) were resuspended in 10 µL HiDi formamide (Applied Biosystems, USA).  
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3.4.5 Determination of the terminal restriction fragments (T-RF) 
10 µL mixture was prepared for the T-RFLP measurement containing 3 µL 
restriction fragment, 0.2 µL GeneScan-500 ROX standard (Applied Biosystems, 
USA) and 6.8 µL HiDi formamide (Applied Biosystems, USA). Samples were 
denaturated for 10 min at 95°C (Mastercycler Gradient, Eppendorf GmbH, 
Germany) and chilled on ice. The fragments were separated by capillary 
electrophoresis on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, 
USA). The length of the fluorescent T-RFs were determined using the 
GeneMapper V3.7 software.  
 
 
3.4.6 Clone library 
Bacterial and the archaeal clone library were generated from day 0 of the 
reactor run at 37°C. DNA extraction as described in chapter 3.4.1. Bacterial and 
archaeal 16S rRNA gene fragments were amplified using the primers M13f/r 
(Table 6) as described in chapter 3.4.3. The PCR products were cleaned with 
the SureClean kit (Bioline GmbH, Germany) and cloned using a PCR cloning kit 
(Qiagen GmbH, Germany) according the manufacturers protocols.  
132 bacterial and 51 archaeal clones were picked up. Screening of positive 
archaeal clones was performed by amplification of the ribosomal DNA 
restriction analysis (Kleinsteuber et al., 2006) with XhoI (New England Biolabs 
GmbH, Germany) of PCR fragments using the primer set 21F/931R (see 
chapter 3.4.3; MWG Biotech AG, Germany). Similar clones were clustered, 
PCR products were generated with a 21F/931R primer set (see chapter 3.4.3) 
and the T-RF after restriction with XhoI (see chapter 3.4.4 and 3.4.5) of each 
group was determined. Screening of positive bacterial clones was performed by 
T-RFLP with HaeIII (see chapter 3.4.3 to 3.4.5). For the determination of the T-
RF, the PCRs were performed with FAM-labelled forward primers.  
Partial sequencing of the bacterial and archaeal clones was performed with 
the primer set 27F/519R and M13F/M13R, respectively (Table 6). Sequencing 
was performed using the Big Dye Terminator ready Reaction Cycle Sequencing 
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Kit 1.1 (Applied Biosystems, USA) on an ABI PRISM 3100 Genetic Analyzer 
(Applied Biosystems, USA). The assembly and analysis of the sequences were 
performed with the software Sequencher 4.8.  
The Blastn (www.ncbi.nlm.nih.gow/BLAST, Altschul et al., 1990) was used to 
search for similar sequences. Taxonomic assignments were performed with the 
RDP Classifier (http://rdp.cme.msu.edu, Wang et al., 2007).  
 
 
Table 6: Primer sequences. 
Name Sequence  Specificity  Source  
27F 5´-AGAGTTTGATCMTGGCTCAG-3´ Bacteria (Lane, 1991) 
1492R 5´-TACGGYTACCTTGTTACGACTT-3´ Bacteria (Lane, 1991) 
519R 5´-GWATTACCGCGGCKGCTG-3´ Bacteria 
(Turner et al., 
1999) 
21F 5´-TTCCGGTTGATCCYGCCGGA-3´ Archaea 
(Cytryn et al., 
2000) 
931R 5´-CCCGCCAATTCCTTTHAG-3´ Archaea 
(Ziganshin et 
al., 2011) 
M13F 5´- TGTAAAACGACGGCCAGT-3´ Archaea (Kleinsteuber 
et al., 2006) 
M13R 5´- CAGGAAACAGCTATGACC-3´ Archaea (Kleinsteuber 
et al., 2006) 
 
 
3.5 Microbiological methods  
3.5.1 Glycolate removal in dependence of the pH 
0.1 g glycolate was added to 100 ml of the digestate of the reactor run at 37°C 
of day 786, 798, 830. The solutions were adjusted to pH 4, 5, 6, 7 and 8 with 
HCl or NaOH in anaerobic bottles. The bottles were stripped with nitrogen for 
5 min. Samples for the determination of glycolate were taken over 4 days (see 
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3.5.2 Oxygen tolerance of the community at room temperature 
The tolerance against oxygen was determined in the reactor run at room 
temperature. The reactor was prepared with a silicon pipe which is permeable 
for oxygen. Air was pumped (level 10; 101U, Watson-Marlow GmbH, Germany) 
through the pipe at day 314, from day 315 to 316 and from day 398 to 399. The 
content of oxygen was measured by an optode as described in chapter 3.2. A 
feed break was initiated from day 315 to 316.  
 
 
3.5.3 Aerobic cultivation of glycolate utilizing groups on agar media 
The glycolate utilizing microorganism groups were enriched from the digestate 
of the biogas reactor at 37°C (day 367). Therefore, 100 µL digestate was plated 
on glycolate containing agar plates (1 g glycolate L-1, 20 g agar L-1, pH 7.2). 
Colonies were picked and further enriched on glycolate containing agar plates 
after dilution plating. Single colonies were stored on glycolate containing agar 
tubes at 4°C. All cultivations were performed under oxic conditions at 37°C for 3 
to 4 days. 
 
 
3.5.4 Determination of glycolate removal capacity of glycolate utilizing groups 
The glycolate removal capacity of the glycolate utilizing groups was analyzed by 
Stefanie Troche. The pre-cultivation was under oxic conditions due to a low 
growth rate under anoxic conditions. The groups were cultivated in feed media 
(Table 3) containing 1 g glycolate L-1 and transferred in anaerobic bottles 
(100 ml). The anaerobic bottles were stripped with nitrogen for 5 min. Glycolate 
concentrate (1 ml 100 g glycolate L-1) were added to the bottles after the 
glycolate was completely removed from the media (marked with arrows in 
Figure 31). The pH, gas composition and the content of organic acids and other 
substances was determined as described in chapter 3.2.2. 
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3.6 Statistical analysis  
Statistical analyses were performed with R 3.1.0. Community analysis was done 
using the package “flowCyBar” (Schumann et al., 2014). The variations of the 
cell abundances over the time were visualized in a so called CyBar. Therefore, 
the cell number was normalized to the mean of the cell abundance in that sub-
community over time and converted in a colour code. It shows the dynamic 
behaviour of the microbial community for the analyzed time period.  
Clusters of sub-communities with similar reaction behaviour over the time 
were defined to simplify the figures. Therefore, euclidean distances between the 
behaviour of the sub-communities were calculated. All with a confidence 
coefficient of 0.95 were clustered. The package “pvclust” (Suzuki and 
Shimodaira, 2006) was used for this calculation.  
Nonmetric multidimensional scaling (nMDS) analysis were performed after 
euclidean distance was calculated using the package “metaMDS” (Dixon, 
2003). nMDS plots were used to compare groups of samples based on genetic 
or count-based distance metrics. Therefore, the dissimilarities of the samples 
are visualized as distances in a space. The distances increase with increasing 
dissimilarity. The stress value represents a quality value of the whole 
calculations. It implies how strong the real differences deviate from the 
calculated (geometric) differences. A low stress value indicates good 
calculation.  
Box-and-whisker plots were designed using the “boxplot” function to gain an 
overview over cell and T-RF abundance variations.  
The correlation between abiotic – abiotic, abiotic – biotic and biotic – biotic 
data using Spearman´s rank correlation coefficient could give further 
information on the function of different sub-communities and T-RFs. It was 
calculated with the R-package “flowCyBar”. The resulting heat map allows 
classifying type and strength of correlations as colour code.  
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4. Results  
4.1 The undisturbed reactor system  
The main reactor parameters, glycolate feed, the biogas yield, the pH, the gas 
composition and the content of acetate, propionate and glyoxylate in the 
digestate of the undisturbed reactor run at 37°C are visualized in Figure 13 to 
determine process conditions under normal settings. This is needed to estimate 
the variations of the parameters during perturbations. The first 32 days of the 
experiment were shown. However, the system was stably cultivated 2.5 years 
before the experiments discussed in this thesis.  
The glycolate feed was kept constant at 0.179 g d-1 L-1 resulting in a highly 
variable biogas yield (45 % to 80 %). Interestingly, the gas composition showed 
only low variations. 43 to 44 % were CH4, whereas 53 to 54 % were CO2. The 
pH was not controlled or adjusted by an external pH control unit. Therefore, it 
was able to vary. The system adjusted a pH between 7.45 and 7.85 indicating 
that this pH area is the favoured region. Acetate and propionate were only 
detectable during the first five days. These organic acids could be some 
intermediates in the metabolization of glycolate to CH4 which accumulated due 
to sub-optimal process parameters. Glyoxylate was detected only at one 
measurement point indicating that this organic acid is probably not produced 
during the conversion of glycolate to CH4 or taken up or metabolized quickly.  
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Figure 13: Reactor parameters of the undisturbed re actor of the reactor run at 37°C. The 
glycolate feed (-), biogas yield (♦), pH (♦), CO2 content (♦), CH4 content (♦), Acetate (▲), 




4.2 Process phase definition in the reactor run at 37°C 
After the process parameters were defined under undisturbed process 
conditions, different perturbations were applied to the system. The glycolate 
feed and the pH of the feed had the main impact on the reactor run at 37°C 
(compare chapter 4.3.1 and 4.3.3). The influence of oxygen and temperature 
were analyzed in the reactor run at room temperature (compare chapter 4.3.4 
and 4.3.5). 
Five different phases of the experiment could be defined in the reactor run at 
37°C due to the shifts in the abiotic parameters (Figure 14): phase 1 – sub-
optimal phase (day 0 – 190), phase 2 – crash phase (day 191 – 231), phase 3 – 
optimal phase (day 232 – 406), phase 4 – stress phase (day 407 – 444) and 
phase 5 – recovery (day 445 – 525).  
The sub-optimal phase was characterized by a steadily increase of the 
glycolate feed from 0.18 g d-1 L-1 to 0.93 g d-1 L-1 over a time range of 189 days. 
An increase in biogas yield could be observed until the middle of the phase. 
Afterwards, it stayed constant at around 80 %. The pH (7.4 – 7.8) and the 
FosTac (0.15 – 0.2) varied only to low extend. Acetate and propionate can be 
detected at the beginning and the end of this phase. Also glyoxylate was 
observed at the beginning of this phase.  
The glycolate feed was further increased (up to 3.6 g d-1 L-1) in the crash 
phase. The biogas yield decreased within 20 days (~ 80 % to 0 %). The pH 
stayed stable for a very long time and dropped from 6.7 to 3.6 within two days 
at day 217 and the FosTac increased up to 1.7 at day 211. Acetate, propionate 
and glyoxylate could also be detected during this phase.  
The reactor was established from backup samples after the crash. The 
optimal phase was characterized by an initial adaption (36 days). During this 
time, the biogas yield increased. Acetate and propionate, which could be 
accumulated during the storage of the backup samples, were quickly removed. 
The pH varied between 6.91 and 7.28. The FosTac decreased from 0.68 to 0.15 
and stayed quite constant. After the adaption was finished, the phase was 
characterized by high biogas yields (75 – 80 %), a stable pH (7.2 – 7.5), an 




High biogas production rates could be achieved by high feed concentrations. A 
drop of the pH due to a substrate overload (compare crash phase) led to a 
complete crash of the system. Therefore, the feed was adjusted to pH 7 to gain 
the opportunity to further increase the glycolate amount which could lead to 
higher biogas production. This change led to a stress situation within the 
reactor. A drop in the biogas yield (~ 80 % to ~ 40 %) within two days was 
detected. The pH increased slowly up to 8.55 and the FosTac stayed stable 
(0.13 – 0.17). Acetate and propionate accumulated and had its maximal values 
at day 424 and day 420, respectively.  
In the recovery phase, the pH of the feed was shifted from 7 to 3 again. The 
biogas yield recovered very quickly. FosTac varied between 0.1 and 0.16. 
Interestingly, the pH remained at the higher level (8.0 – 8.5). The organic acids 
were removed from the media. 

































PhaseSub-optimal Crash Optimal Stress Recovery
0                                       189  191  231 233                                       406 408   444 445        525
 
Figure 14: Process phase definition in the reactor run at 37°C due to shifts in the abiotic 
parameters. The glycolate feed (-), the pH of the feed (-), the biogas yield (●), the acetate 
content (▲), the propionate content (○), the glyoxylate content (■) and the pH of the digestate 
(♦) were detected over 525 days. All parameters were used to define the phases: sub-optimal, 





4.3 Process parameter variations into detail  
4.3.1 Glycolate feed 
Biogas reactors are mainly fed with complex substrates, like maize or manure 
(Manz et al., 1994; Zhang et al., 2013). In order to test the stability of the biogas 
formation when glycolate is used as main carbon source, the reactor was fed 
with different glycolate amounts per day (Figure 15). Additionally, it should be 
observed whether the glycolate – biogas ratio and the biogas composition 
remains stable with an increase in glycolate feed. Furthermore, the glycolate 
removal rates with increasing glycolate feed were observed to ensure that this 
increase will not cause an accumulation of glycolate due to low removal rates. 
The glycolate amounts per day and the corresponding time periods can be 
found in Table 4.  
A linear correlation was detected between glycolate feed and the biogas 
production (R2 = 0.97; Figure 15). Increasing glycolate concentration caused 
higher biogas rates. The gaseous phase showed a methane content of 41.19 ± 
3.09 % and a carbon dioxide content of 56.03 ± 3.25 %. A slight decrease in the 
methane content with increasing glycolate feeds was observed. Only traces 
(< 3% in total) of other gases, like N2, O2, H2 and H2S were measureable. 
87 ± 7 % of the fed carbon seemed to be converted into CH4 and CO2 in the 
gaseous phase after the offset of the input of carbon against the output of 
carbon (normalization by temperature and pressure).  
Furthermore, glycolate feed and its removal in the media might correlate with 
each other (R2 = 0.95; Figure 15). An increase in the glycolate concentration led 
to its faster removal from the media.  
However, an overload of glycolate (3.6 g d-1 L-1) induced a crash of the 
system. The biogas yield decreased rapidly (Figure 15) within 20 days. 
Glycolate was not removed from the media and accumulated.  























































































Figure 15: Biogas production ( ♦) and glycolate removal from the media (x) caused b y 
increasing glycolate feed during the biogas product ion periods and the crash of the 
system. The CH4 and CO2 in dependency of the feed concentration are highlighted in dark and 
light grey in the background, respectively. Gases like N2, O2, H2 and H2S were detected at a 
maximum of 3 % in total. A feed concentration of 3.6 g glycolate d-1 L-1 led to a system failure 
(marked with arrows). n(♦) = 161 ; n(x) = 12.  
 
 
4.3.2 Experiments related to the pH in the biogas reactor 
The pH could be the main parameter which has the highest impact on the 
system stability due to the acidity of the substrate. An accumulation would 
cause a pH drop and thus a breakdown of the system. Therefore, some 
experiments in an artificial system (outside the reactor system) were performed.  
First, the buffer capacity of the reactor run at 37°C was determined. Defined 
amounts of glycolate were added to glycolate-free samples (day 793 and 843) 
of the biogas reactor and the pH-shifts were measured (Figure 16). The pH in 
the sample of day 793 decreased quickly between pH 7 and 4. Only low 
amounts of glycolate (< 2.8 g glycolate L-1) were needed. At day 843, the biogas 
reactor was already stressed. No biogas production was observed. The sample 
of the stressed system (day 843) seemed to buffer even lower amounts (< 1.6 g 
glycolate L-1). Higher amounts of glycolate were needed to decrease the pH 
below 4 in both samples.  
No buffer capacity could be observed at higher and favoured pH. In fact, the 
system is only able to buffer at lower pH due to the pKS
 of glycolate 
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(pKS = 3.83). These findings showed, that an accumulation lead to a quick 
decrease in pH. A lot of accumulated glycolate has to be removed by the 
community to stabilize the pH after an overload occurred. 
All raw data can be found in Supporting Table 5. 
 
 





















Figure 16: Influence of the glycolate amount in the  media on the pH. Samples from day 793 
(triangles) and 843 (diamonds) were taken from the reactor system ran at 37°C and increasing 
amounts of glycolate were added. n = 2.  
 
 
An accumulation of glycolate could lead to a decrease in pH. Therefore, the 
potential of the community to remove glycolate at different pHs were 
determined. Glycolate-free samples from the biogas reactor were cultivated with 
1 g glycolate L-1 in anaerobic bottles at pH 4 – 8 (adjusted with NaOH or HCl; 
Figure 17). The results indicated a fast removal at pH 6. 68 to 77 % of the fed 
glycolate were eliminated within one day. At pH 5, 7 and 8, the removal was 
slower. 14 to 29 %, 27 to 49 % and 13 to 39 % were removed at pH 5, 7 and 8, 
respectively, within one day. At pH 4, the elimination was very slow. Only up to 
15 % were removed within one day. However, no further removal could be 
observed at pH 4 after further 3 days indicating that glycolate cannot be 
removed at this pH over a long period.  
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The glycolate removal resulted in an adjustment of the pH (7 – 8) and the 
glycolate was converted into CH4 and CO2 in all anaerobic bottles (data not 
shown). A preference of the gas composition due to the pH was not observed.  
All raw data can be found in Supporting Table 6. 
 
 




















Figure 17: Glycolate content in the media in depend ence to the pH after one day. Samples 
from the reactor system of day 786 (light grey), 798 (grey), 830 (black) were taken, fed with 1 g 
glycolate L-1, the pH adjusted to 4-8 and cultivated under anaerobic conditions (N2 atmosphere) 
in anaerobic bottles.  
 
 
4.3.3 pH of the feed 
One way to achieve higher biogas production rates is to increase the feed 
concentration. However, glycolate feeds higher than 1.8 g glycolate d-1 L-1 led to 
a system failure (compare 4.2, crash phase). Therefore, the pH of the feed 
solution was adjusted from 3 to 7 at day 407 to obtain the opportunity to 
increase the glycolate feeds without risking a decrease of the biogas yield due 
to a pH drop (compare 4.2, stress phase). Former results showed that the 
reactor system seemed to adjust an internal pH of 7.2 to 7.5 which indicated 
that adjusting the pH of the feed to 7 would favour the process stability. 
However, the biogas yield decreased from ~ 80 % to ~ 40 %. Additionally, the 
biogas composition changed. 62.93 ± 11.28 % and 35.27 ± 10.38 % of the 
biogas were CH4 and CO2, respectively. An increase of inorganic carbon was 
detected in the solids of the sludge (Table 7). Only 3.45 % of the carbon was 
4. Results 
40  
inorganic at day 398. The value rose up to 47 % at day 424. At day 428, the pH 
of the feed was shifted again to pH 3. The inorganic carbon seemed to 
decrease (25.73 %). The pH of the digestate increased from 7.2 to 8.55 
between day 407 and 428 (Figure 22).  
 
 
Table 7: Carbon content in the sediment of selected  samples. The distributions in 
percentage (in parenthesis) were calculated as ratio of inorganic or organic carbon to total 




total carbon  
[mg L -1] 
total inorganic carbon  
[mg L -1] (%) 
total organic carbon  
[mg L -1] (%) 
398 11.31 0.39 (3.45) 10.92 (96.55) 
410 10.27 0.49 (4.77) 9.78 (95.23) 
424 6.49 3.06 (47.15) 3.43 (52.85) 
445 23.16 5.96 (25.73) 17.2 (74.23) 
 
 
The removal rates of glycolate from the media after feeding with different pHs 
(pH 3 and 7) were observed (Figure 18). Both conditions underwent a feed 
rhythm of five feeds every 2.4 h (0.1594 g glycolate L-1) and 12 h break.  
Different rates concerning the glycolate content in the media over the day 
were observed at the different feeding pHs (Figure 18). The addition of the feed 
at pH 3 led to a complete disappearance of the glycolate in the media after 
1.8 h (Figure 18A). Feeding with a pH of 7 showed a changed behaviour. The 
substrate seemed to accumulate in the media. During the first feeding, no 
change in the glycolate concentration was noted. A slight decrease of the 
glycolate concentration was detected during the second feeding. The zero line 
before the first feeding indicated that the glycolate concentration in the media 
decreased during the feed break. Furthermore, during the complete experiment 
(day 407 – 428), no overall accumulation of the glycolate concentration in the 
media was observed indicating a complete removal at latest during the feed 
break.  













































Figure 18: Glycolate content in the media at day 40 5 (A) and 427 (B). 0.1594 g glycolate L-1 
were fed at the time points marked with arrows (n = 1). The pH of the feed solution was 3 (A) or 




The production of methane is known to occur under anaerobic conditions 
(Botheju, 2011). However, the production of glycolate by the algae occurs only 
under high oxic conditions. The stripping of the oxygen from the glycolate-
containing media would be cost intensive (Offshore Oil and Gas Operators in 
Denmark, 2009). Therefore, the tolerance of the system against oxygen should 
be examined. An oxygen tolerant system would be from huge interest to 
increase the process stability.  
Interestingly, the system is exposed to oxygen after each feed due to the 
fact that the feed solution is not stripped prior feeding. Therefore, the oxygen 
input in the system correlates with the hydraulic retention time (HRT). The 
maximal oxygen exposure over the complete experiment (525 d) was calculated 
for the reactor ran at 37°C. The dissolved oxygen content in the feed was 
100 % (electrode calibrated with air). The lowest HRT analyzed during the study 
was 120 d (experimental days: 127 to 164) meaning 29.2 ml fed every day in 
3.5 L. This results in a maximal feed volume of 5.84 ml considering a feed 
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rhythm of five times per day. Therefore, a maximal dissolved oxygen content of 
0.16 % would be detectable after each feed. However, the dissolved oxygen 
content within the system was at the measurement points < 0.5 % indicating 
that no accumulation occurred due to the metabolization of oxygen.  
The influence of oxygen was analyzed more into detail. For a further reactor 
design, the reaction of the system on pulsating oxygen input was from interest. 
Therefore, the reactor ran at room temperature was exposed to oxygen. This 
reactor was equipped with a silicon pipe which is permeable for air. Air was 
pumped through the pipe. The black arrows represent the beginning of the 
gassing and the dashed arrows mark the end (Figure 19). In the first 
experiment, the influence of oxygen on the biogas formation over a certain 
interval was analyzed (Figure 19A). It was noted that an activation of the 
gassing led to a breakdown of the biogas production (Figure 19A, black line). 
The oxygen content varied between 5 and 10 % (blue line). An overall 
accumulation was not observed indicating that the oxygen was metabolized. 
The stop of the gassing resulted in a quick decrease of the dissolved oxygen 
and the biogas production increased quickly. However, the productivity was 
lower than before the gassing indicating that the community was disturbed and 
needed time to adapt to the new conditions.  
It was suggested that glycolate as substrate is necessary to metabolize 
oxygen and thus stabilize the system against an oxygen shock. The influence of 
the absence of any substrate for the oxygen removal was determined. 
Therefore, the gassing was performed with and without feeding (Figure 19B). 
The oxygen levels in this experiment were much higher probably due to the 
lower feeding rate. The accumulated oxygen (32 %) is quickly removed from the 
system if glycolate was available (first peak). However, the termination of the 
feed induced a further accumulation of oxygen (> 60 %, second peak). The stop 
of the gassing did not result in a removal of the oxygen. The addition of feed 
solution (marked with black triangle) to the system induced a fast decrease of 
the oxygen level in the media indicating that glycolate is needed for the removal 
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Figure 19: Influence of pulsating oxygen inputs on the biogas production at room 
temperature. Feeding rates of 1.6 g glycolate d-1 L-1 (A) and 0.33 g glycolate d-1 L-1 (B) were 
used. Gassing with air was performed in the time range marked by arrows. The reactor ran at 
room temperature. (B) No feeding occurred between the triangles. One feeding was performed 
at the black triangle. The raw data of these experiments can be found on the disk (Additional 




The temperature is a parameter having a strong impact on the biogas 
production rate (Luostarinen and Rintala, 2005). It should be analyzed whether 
the process will run also at a lower temperature. Therefore, the different biogas 
production rates at 37°C and room temperature were analyzed. It could be 
observed that the process run at both temperatures. Linear dependencies 
between the glycolate feed and the biogas production could be observed. 
However, the production rate of 348 ml biogas g-1 glycolate at room 
temperature was 30 % lower in comparison to the rate at 37°C (506 ml biogas 
g-1 glycolate; Figure 20).  
A further aspect of the stability of the system is the reaction on high glycolate 
feeds. A stable biogas production was observed at 1.8 g glycolate d-1 L-1 at 
37°C (Figure 20). An increase of the concentration to 3.6 g glycolate d-1 L-1 led 
to a system failure. Additionally, the system at room temperature ran only stable 
up to feed concentrations of 0.9 glycolate d-1 L-1. However, higher 
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concentrations led to a failure of the system indicating that it can only remove 
lower concentrations.  
A positive correlation (R2 = 0.95) between the glycolate feeding rate and the 
glycolate removal rate from the media was observed at 37°C (Figure 15). At 
room temperature, the removal rate seemed to increase with higher feeding 
rates. However, no linear dependency could be observed (R2 = 0.47, 
Supporting Information 3). However, the removal rate at room temperature 
seemed to be much lower in comparison to the one at 37°C.  
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Figure 20: The biogas production rate in connection  to glycolate feed and temperature. 
The biogas production was analyzed at 37°C (■; n = 151) and room temperature (∆; n = 235). 
 
 
4.4 Community dynamics  
The results from chapter 4.3.1 to 4.3.3 showed that glycolate can be used as 
substrate for the biogas formation. However, the introduction of different 
disturbances, like shifts of the glycolate feed or pH of the feed, led to changes 
of many abiotic parameters, like biogas production or pH. Therefore, the 
microbial community was analyzed more into detail to find correlations between 
the abiotic and the biotic parameters.  
Community composition and dynamics are mainly analyzed with molecular 
tools (Hamady and Knight, 2009; Kuczynski et al., 2012; Talbot et al., 2008). 
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However, microbial systems are highly dynamic and have short reaction times 
to external changes which cannot be detected by molecular tools (Günther et 
al., 2009, 2012b). Therefore, the cellular level was analyzed using flow 
cytometry. Likewise, the genetic level was analyzed by the molecular tool, 16S 
rRNA based T-RFLP, for comparative reasons. 
 
 
4.4.1 Cellular level of the community 
Cytometric patterns reflect the complete microbial community structure 
(Bombach et al., 2011; Wang et al., 2010b). These patterns can be used as 
fingerprints to define different clusters of cells (sub-communities or gates 
(abbreviated with “G”)) due to single cell characteristics of bacteria and 
archaea, like cell size or fluorescence signal. These are characterized by the 
position within the dotplot and the number of events within the cluster. The 
signals for forward scatter (x-axis; Figure 21) and the DAPI fluorescence signal 
(y-axis; Figure 21) were visualized in logarithmic scale and are correlated to the 
cell size and the DNA content, respectively.  
A template was constructed, analysing the occurrence of populations over 
time (Figure 21d). Sub-communities can appear and disappear over time due to 
changes in the abiotic factors (Figure 21a-c). Small sub-communities, like G11, 
G12 or G23 were only detectable under certain conditions (Figure 21b). Sub-
communities G28 and G29 were only visible at the beginning of the study 
(Figure 21a). Sub-communities G4 increased in cell abundance when 
disturbances occurred like higher pH of the feed (Figure 21c). 27 clusters were 



























































































Figure 21: Gate - Template generated from dotplots of 178 measurements (d). Dotplots 
from day 3 (a), day 371 (b) and day 427 (d) are shown, exemplary. Size defined beads were 
used as size and fluorescence standard (0.5 µm and 1 µm). Gate G30 gives the absolute 
measured fluorescent cell number of 250.000 events per measurement. The colour intensity 
(red-yellow-blue) represents the increase in events with the same cell characteristics. The x- 
and y-axis are in logarithmic scale.  
 
 
The biogas reactor was monitored and a data set of 178 cytometric 
measurements were taken (compare Supporting Table 9). In parallel to this 
biotic information, abiotic parameters were measured like biogas yield and 
composition, pH or concentrations of further organic acids (see chapter 4.2 and 
Supporting Table 3). 9 sub-communities with mean abundances below 1 %, like sub-
community G7 or G11, were excluded from the analysis (Figure 22; boxplot) 
due to the high error of the cell abundance in small sub-communities. 16 sub-
communities, like G3 and G4, had mean abundances between 1 % and 5.7 % 
(compare disc – Additional raw data – CyBar – excluded_sub_communities). 
Sub-communities G1 (average of 24 %) and G2 (average of 17 %) showed the 
highest cell abundances. The variations of the cell abundances over time were 
visualized in a so called CyBar (Figure 22). Therefore, the cell number was 
normalized to the mean of the cell abundance in that sub-community during the 
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study. It shows the dynamic behaviour of the microbial community for the 
analyzed time period. Clusters of sub-communities with similar reaction 
behaviour during the process could be defined after euclidean distance 
calculations: cluster 1 – G2, G3, G6 and G10; cluster 2 – G16, G17 and G20 
and cluster 3 – G4 and G15.  
The cell number variations within the sub-communities during the five 
phases (compare chapter 4.2) were observed. The sub-optimal phase was 
characterized by a low cell number in cluster 1 and sub-communities G21 and 
G26. Whereas, cluster 2 and 3 and sub-communities G8, G27, G22 and G25 
had higher cell abundances. The glycolate feed was further increased up to 
3.6 g d-1 L-1 in the crash phase. A complete re-organization of the sub-
communities occurred. Cell abundances in cluster 1 increased, while the 
abundances in cluster 2 and 3 decreased in the crash phase. After the reactor 
was established from backup samples at the beginning of the optimal phase, a 
complete re-organization occurred within the first 36 days. The community 
structure was different although the biogas yield reached the same values like 
in the sub-optimal phase. Surprisingly, the pattern showed nearly inverse 
abundances. Higher cell abundances in cluster 1 and sub-communities G21, 
G26 and G1 were observed, whereas lower cell numbers were measured in 
cluster 2 and 3 and sub-communities G5, G8, G27, G22 and G25. The 
complete community re-arranged after several days during the stress phase (pH 
adjustment of the feed to 7). The cell abundances in cluster 2 and 3 and sub-
communities G5, G9, G8, G22 and G25 increased, while lower cell numbers 
were detected in cluster 1 and sub-communities G21, G26 and G1. In the 
recovery phase, the pH value of the feed was shifted from 7 to 3 again. The 
community recovered from the induced stress situation. It seemed to re-adjust 
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Figure 22: Cell number variations of the different sub-communities during the 5 phases. 
Cell number variations and normalized cell abundances of each sub-community are visualized 
in a boxplot (middle part, left) and in a cytometric barcode (CyBar; middle part, right). Only sub-
communities with a mean abundance > 1 % were included. The CyBar was divided in the sub-
optimal, crash, optimal, stress and recovery phase. The colour code (upper part, left) of the 
CyBar shows the height of variation from the average cell abundance (mean: white (=1); higher 
values: increasing purple (> 1); lower values: increasing blue (< 1)). HRT – hydraulic retention 
time, pH feed – pH of the feed, pH - pH of the digestate. The variations of the pH of the feed 





4.4.2 Genetic level 
The genetic composition of the community at selected time points was analyzed 
to gain more information on certain functionalities of organisms within the 
biogas reactor. The genetic composition was analyzed by T-RFLP. Therefore, a 
bacterial and archaeal clone library was generated to identify certain 
microorganism and thus give information on its function in the system.  
The archaeal 16S rRNA clone library (Table 8) was obtained after 
sequencing and determining the length of the T-RFs after the restriction with 
XhoI. Two clones out of a library of 55 archaeal clones were selected. The main 
fraction belonged to genus Methanoculleus sp. (96.4 %). The remaining 3.6 % 
could be assigned to the genus Methanosarcina sp. 
The cloned bacterial 16S rRNA gene amplicons were partially sequenced 
and their T-RF lengths (restriction enzyme HaeIII) were determined. Out of 
library, comprising 132 clones, 32 clones were selected for sequencing (Table 
9). More than half of the sequences (63 %) could not be assigned to any phyla, 
whereas a huge fraction (18.2 %) belonged to the T-RF 67 bp. The remaining 
sequences (37 %) of the clone library were mainly composed of 6 % 
Bacteroidetes, 26.5 % Firmicutes, 1.2 % Proteobacteria, 2.4 % Chloroflexi, 
31.3 % Synergistetes, 19.3 % Planctomycetes, 6.0 % Thermotogae and 7.2 % 
Tenericutes. The main orders were Synergistales (31.3 %), Symbiobacterium 
(14.5 %) and Planctomycetales (19.3 %). 
 
 
Table 8: Archaeal clone library. The terminal restriction fragments (T-RF) generated with the 
restriction enzyme XhoI with the corresponding organism, number of clones (No.) and sequence 



























Table 9: Bacterial clone library. The terminal restriction fragments (T-RF) generated with the 
restriction enzyme HaeIII with the corresponding organism, number of clones (No.) and 





Phylum Class Order Family Genus No. Seq 
51 Firmicutes Clostridia Clostridiales Ruminococcaceae  1 B2_E2 
55 Firmicutes Lactobacillales Symbio-
bacterium 1 
  3 B2_E3 
58 Firmicutes Lactobacillales 
Symbio-
bacterium 2   4 B1_H1 
67      24 B1_G8 
72 Proteo-bacteria 
Betaproteo-
bacteria Burkholderiales Alcaligenaceae Pusillimonas 1 B1_E6 
75 Synergistetes Synergistia Synergistales Synergistaceae Anaero-
baculum 1 
4 B2_A2 
78 Firmicutes 1     3 B2_B5 
138 Synergistetes Synergistia Synergistales Synergistaceae Anaero-
baculum 2 
1 B2_C5 
142 Bacteroidetes Bacteroidetes Bacteroidales 
Porphyro-
monadaceae Petrimonas 1 B1_G1 
156      5 B1_E12 
176      5 B1_F3 
179      2 B1_C4 
185 Firmicutes 2     5 B1_C2 
198 Firmicutes Lactobacillales Symbio-bacterium 3   1 B2_E3 
204 Synergistetes Synergistia Synergistales Synergistaceae Anaero-
baculum 3 
1 B2_A1 
207      3 B2_C3 
213      4 B1_A4 
216 Firmicutes Clostridia Clostridiales Peptococcaceae  1 B1_G11 
227 Synergistetes Synergistia Synergistales Synergistaceae Anaero-baculum 4 17 B1_D11 
233      1 B1_E9 
235 Chloroflexi     2 B1_G4 
262 Firmicutes Lactobacillales Symbio-
bacterium 4 
  4 B1_F4 
267      1 B1_F7 









mycetaceae  16 B2_F5 
301 Thermotogae Thermotogae Thermotogales Thermotogaceae Petrotoga 5 B2_H2 
313 Tenericutes Mollicutes Haloplasmatales Haloplasmataceae  6 B1_D3 
337      1 B1_E5 
344      1 B1_A8 
412 Bacteroidetes     4 B1_C11 
435 Synergistetes Synergistia Synergistales Synergistaceae Anaero-
baculum 5 
1 B1_E2 
452 Synergistetes Synergistia Synergistales Synergistaceae 
Anaero-
baculum 6 2 B1_H2 
 
 
A data set of 67 T-RFLP patterns was generated (compare Supporting Table 10 
to Supporting Table 13) to observe shifts in the genetic composition due to 
changes of abiotic parameters (Figure 23). The phase determination was 
performed as described in chapter 4.2 and Figure 22. Influence of the variations 
in glycolate feed and pH of the pH were observed (Figure 23, lower panels) as 
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well as the biogas yield, the organic acid content, the pH (Figure 23, upper 
panels) and the variations of the abundances of the T-RFs (Figure 23, middle 
area).  
T-RFLP fingerprinting analysis revealed a highly diverse bacterial 
community. When regarding the T-RFs which were at least 3 times (> 3 %) 
measurable during the study, 18 operational taxonomic units (OTUs) were 
defined (Figure 23).  Approximately 60 % could be assigned taxonomically 
based on the clone library. This included some T-RFs with high abundances in 
the bioreactor like Firmicutes 2, Symbiobacterium 4, Anaerobaculum 4, 
Bacteroidetes and Planctomycetaceae. The reactor seemed to have a changed 
composition as it was described by the clone library (Table 9). Some of the T-
RFs were not found or assigned in the clone library. However, the most 
abundant and diverse organisms could be analyzed with respect to their 
occurrence during the five phases. Symbiobacterium 2 and 3, 
Haloplasmataceae, Firmicutes 2, Anaerobaculum 4, Bacteroidetes and 
Planctomycetaceae were most abundant during the sub-optimal phase. 
Subsequently, the amount of Symbiobacterium 2 started to decrease in the 
middle of the sub-optimal phase and stayed at this level till the end of the 
cultivation. In contrast, the abundances of all other six organisms started to 
decrease in crash phase. The organisms belonging to the T-RFs 67 bp, 82 bp 
and 195 bp and Symbiobacterium 3 had very low quantity at the beginning of 
the study but started to increase at a concentration of 0.9 g glycolate d-1 L-1. At 
glycolate feeds of 3.6 g d-1 L-1, the T-RFs of 82 bp and 195 bp and 
Symbiobacterium 3 dropped, while the amount of the T-RF 67 bp and 
Chloroflexi increased. Ruminococcaceae, Firmicutes 2 and Symbiobacterium 4 
were only detected at the beginning of the optimal phase and measureable only 
at very low levels until the end of the study. Petrotoga was detectable 
sporadically in the sub-optimal phase and had a high abundance in the optimal 
phase which decreased during the stress phase and stayed low until the end of 
the study. The T-RFs 67 bp and 82 bp varied between the optimal and the 
recovery phase. Chloroflexi, Symbiobacterium 3 and the T-RF 195 bp 
appearance increased at the beginning of the optimal phase, stayed at a high 
level during end of the stress phase and decreased subsequently in the 
recovery phase. A variation of the amount of detected T-RF 209 bp was 
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observed from the sub-optimal to the optimal phase, where it first dropped but 
subsequently increased in the middle of the stress phase. Anaerobaculum 4 
showed low abundance in the optimal phase, which increased in the stress 
phase and decreased in the recovery phase again. Bacteroidetes and 
Planctomycetaceae showed increasing abundances during the optimal phase. 
In the stress phase, the abundance decreased quickly and stayed at this level 
till the end of the study.  
Additionally, the archaeal composition during the five phases was analyzed 
(Figure 23). A huge fraction of an uncharacterized archaea was detectable. It 
could be observed that Methanoculleus sp. decreased during the sub-optimal 
and the crash phase. This genus was only detectable at very low levels during 
the last three phases. Methanosarcina sp. and the uncharacterized fraction 
increased over the sub-optimal and the crash phase. During the optimal phase, 
the abundance of the uncharacterized archaea increased again, while the 
amount of Methanosarcina sp. dropped. However, more Methanosarcina sp. 
could be detected in the stress phase, while the uncharacterized fraction 
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Relative abundance [%]  
Figure 23: Abundance variation of selected T-RFs du ring the sub-optimal (SO), crash (C), 
optimal (O), stress (S) and recovery (R) phase. T-RF variations and normalized abundances 
of each T-RF are visualized in a boxplot (middle part, left) and in a genetic barcode (middle part, 
right), respectively. Only T-RFs which were found at least three times (> 3 %) were included. 
The colour code (upper part, left) shows the height of variation from the average T-RF 
abundance (mean: white (= 1); higher values: increasing purple (> 1); lower values: increasing 
blue (< 1)). pH feed – pH of the feed, pH - pH of the digestate. n.d. – not detectable. The 





4.4.3 Definition of probable functionalities 
4.4.3.1 Community structure in dependence of the abiotic parameters 
A 2D nMDS plot was generated to compare groups of samples based on 
phylogenetic or count-based distance metrics. Therefore, the dissimilarities of 
the samples are visualized as distances in a space (Figure 24). The nMDS plots 
indicate that the composition of microbial communities differed during the five 
phases (Figure 24). The introduction of stress situations like high glycolate 
feeds, changes in the pH of the feed or a re-start led to a completely new 
community structure. However, clear trends in community evolution were seen 
in Figure 24. The sample pattern clustered according to the phases that were 
determined after a certain adaption time to the shifted abiotic parameter.  
Comparable reactor performances could be observed in the sub-optimal and 
the optimal phase. However, the cellular and genetic community structure was 
completely different (Figure 24). Interestingly, community composition on the 
cellular level during the crash phase was comparable with the composition 
during the optimal phase, while the composition of the end of the stress phase 
was similar to that of the sub-optimal phase (Figure 24A). Only structure 
similarities between the beginning of the crash and the optimal phase were 
observed on the genetic level (Figure 24B). Similar structures in sub-optimal 
and the stress phase on the genetic level were not observed, probably due to 
the low amount of data points during the stress phase. Furthermore, the 
composition during the recovery phase approximated to that of the optimal 
phase both on the genetic and on the cellular level.  
All raw data can be found in Supporting Table 3 and Supporting Table 9 to 



















































Figure 24: Microbial community structure on the cel lular (A) and the genetic level (B) 
linked to the different phases. Each sample is symbolized by a single circle coloured by 
phase. Environmental parameter fitting was performed to correlate reactor performance 
parameters to the community composition (marked by arrows). Organic acids: A – acetate, P – 
propionate, G – glyoxylate. HRT – hydraulic retention time. The nMDS plots were generated 
from cell abundances in the sub-communities (A; n = 178) or from the abundance of T-RFs (B; 
n = 67). The stress values (upper corner) represent the quality of the calculation.  
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The influence of the abiotic factors on the community dynamics both on the 
genetic and cellular level was analyzed. Therefore, an environmental fitting was 
performed. Only the parameter biogas yield, glycolate feed, hydraulic retention 
time, pH of the digestate and the feed and the contents of acetate, propionate 
and glyoxylate in the media were used for the calculations. Abiotic parameters 
which have a significant influence on the community structure are shown in 
Figure 24A and B. The genetic structure was shaped due to the abiotic 
parameters glycolate feed and HRT. The cellular structure was influenced by all 
parameters except the pH of the digestate. Important to mention is, that around 
three times more data points were analyzed on cellular level. Only the acetate 
content, the pH of the feed solution, the HRT and the biogas yield seemed to 
have a significant impact on the community structure analyzing the same data 
points as used for the analysis on the genetic level (data not shown).  
 
 
4.4.3.2 Correlations during the sub-optimal phase 
The correlations between abiotic – abiotic, abiotic – biotic and biotic – biotic 
data using Spearman´s rank correlation coefficient were used to gain further 
information on the function of different sub-communities and T-RFs (Günther et 
al., 2012b; Koch et al., 2013a). The generated functional heat map provides 
correlation data as colour code (Figure 25 to Figure 29).  
The values of 9 abiotic factors and the abundances within the 18 main sub-
communities and 21 T-RFs were analyzed over 506 d. Only correlations with a 
correlation value > |± 0.6| were taken into account. The complete data set is 
available in Supporting Table 14 to Supporting Table 20. 
The sub-optimal phase is shaped due to increasing glycolate feeds and a 
shortening of the HRT resulting in a positive correlation between the biogas 
yield and the glycolate feed but a negative correlation to the HRT (Figure 25). 
Additionally, decreasing methane contents could be observed with increasing 
biogas yields. Interestingly, the biogas yield was not immediately influenced by 
changes in the pH or the concentration of acetate, propionate or glyoxylate. In 
the biotic sector, only the relative abundance of Bacteroidetes seemed to be 
directly correlated with the biogas yield. The increasing glycolate feeds had no 
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direct effect on the sub-communities. The T-RF 195 bp and 220 bp as well as 
Symbiobacterium 3 and Methanosarcina sp. seemed to be increasing in relative 
abundance with rising glycolate feeds. An increase in the acetate level was 
observed at the end of this phase probably caused by the high glycolate feeds 
(correlation value: 0.57) resulting in a slow conversion of the community 
structure. The glyoxylate and propionate concentration showed no connections 
to any other parameter. The pH and the glycolate feed showed a weak negative 
correlation (- 0.59). The slight lowering of the pH could be the cause or the 
result of the increase in abundance of the T-RF 67 bp (negative correlation).  
Also the positive correlations between the sub-communities and the T-RFs 
were analyzed to find potential candidates of the T-RFs within the sub-
communities. Cluster 1 and sub-community G9 showed a positive correlation to 
the T-RF 209 bp. Low abundances in cluster 3 and sub-community G22 where 






























































































































































Figure 25: Correlations between the abiotic data an d data on cellular and genetic level 
during sub-optimal phase. Abundances of selected sub-communities and T-RFs were 
correlated to selected abiotic factors using Spearman´s Rho. Darker green (positive correlation) 
and blue (negative correlation) colours indicate a stronger correlation. C1 – cluster 1, C2 – 




4.4.3.3 Correlations during the crash phase 
A glycolate overload was induced in the crash phase causing a complete fail of 
the biogas production (negative correlation). The methane content dropped with 
increasing biogas yields also during this phase (Figure 26). Again, the 
abundance of the sub-communities showed no direct connections to the biogas 
yield or the glycolate feed except sub-community G1. This community seemed 
to decrease with increasing glycolate feeds. The missing correlations were 
probably caused by the low reaction time of the sub-communities to the high 
glycolate feeds. However, correlations between some T-RFs and the biogas 
yield were found. Negative correlations to the T-RF 67 bp and the 
uncharacterized archaea and a positive correlation to the T-RFs 82 bp, 220 bp 
and Anaerobaculum 4, Planctomycetaceae, Haloplasmataceae, Bacteroidetes, 
Methanoculleus, Symbiobacterium 3 and 4 could be shown. 
The drop in pH could not be explained by any abiotic parameter probably 
due to the slow reaction time of this parameter to the high glycolate feeds. 
Interestingly, correlations between the pH and the sub-communities were found. 
Cluster 1 had a positive correlation to the pH, while sub-communities G8 and 
G27 had a negatively correlated.  
Although, acetate was detectable during this phase no correlations were 
found. Both propionate and glyoxylate seemed to correlate negatively with the 
biogas yield. Additionally, a negative correlation between Methanosarcina sp. 
and the propionate concentration was found.  
Positive correlations between the sub-communities and the T-RF pattern 
were analyzed. The cluster 1 showed positive correlations to the T-RFs 82 bp, 
195 bp and Symbiobacterium 3, Anaerobaculum 4, Planctomycetaceae, 
Bacteroidetes and Methanoculleus sp. The T-RF 67 bp and the uncharacterized 
archaea had a positive correlation to cluster 2. Cluster 3 had a positive 
correlation to Methanosarcina sp. A low abundance in sub-community G21 
accompanied with a low abundance of the T-RFs 82 bp and 209 bp. Sub-
community G25 had a positive correlation to Methanosarcina sp.  





























































































































































Figure 26: Correlations between the abiotic data an d data on cellular and genetic level 
during the crash phase. Abundances of selected sub-communities and T-RFs were correlated 
to selected abiotic factors using Spearman´s Rho. Darker green (positive correlation) and blue 
(negative correlation) colours indicate a stronger correlation. C1 – cluster 1, C2 – cluster 2 and 




4.4.3.4 Correlations during the optimal phase 
The reactor system was re-started at the beginning of the optimal phase from 
backup samples of the sub-optimal phase (Figure 27). After an adaption time 
(compare Figure 22), all parameters seemed to be in their optimal range. The 
glycolate feed was risen stepwise causing an increase of the biogas yield 
(positive correlation). The methane content decreased with increasing biogas 
yields. The other abiotic parameters appeared to have no influence on the 
biogas yield or were affected directly by the increasing glycolate feed. The 
biogas yield showed a positive correlation to cluster 1 but it seemed to have a 
negative correlation to cluster 3 although the correlation value was slightly 
smaller than |±0.6|. Additionally, a negative correlation between the biogas yield 
and the sub-community G25 was found. A high relative abundance of 
Firmicutes 2, Anaerobaculum 4 and the T-RF 220 bp accompanied with lower 
biogas yields.  
Higher correlation values between the glycolate feed and the sub-
communities (in comparison to biogas yield) were observed. Additionally, sub-
community G22 and G27 showed a negative correlation.  
The pH of the media showed no direct connection to any other parameter. 
Acetate, glyoxylate and propionate were only abundant at the beginning of the 
optimal phase which did not allow correlations to other parameters.  
Analyzing positive connections of sub-communities and T-RFs cluster 1 
showed a positive correlation to Symbiobacterium 3, Chloroflexi, Petrotoga and 
the uncharacterized archaea. Petrotoga was positively correlated to sub-
community G26 and Firmicutes 2 to cluster 3. Additionally, positive correlations 
were found between Petrotoga and sub-community G6, Ruminococcaceae and 
sub-community G5, as well as Chloroflexi and sub-community G26. 





























































































































































Figure 27: Correlations between the abiotic data an d data on cellular and genetic level 
during the optimal phase. Abundances of selected sub-communities and T-RFs were 
correlated to selected abiotic factors using Spearman´s Rho. Darker green (positive correlation) 
and blue (negative correlation) colours indicate a stronger correlation. C1 – cluster 1, C2 – 




4.4.3.5 Correlations during the stress phase 
The biogas yield decreased during the stress phase (negative correlation to pH 
feed; Figure 28). Only a positive correlation to sub-community G8 was 
observed. However, negative correlations between the biogas yield and the T-
RFs 67 bp, 209 bp and Planctomycetaceae were found whereas the T-RFs 
220 bp, 284 bp and 294 bp and Anaerobaculum 4 showed a positive one.  
The pH shift of the feed seemed to induce a raise of the pH of the media and 
the accumulation of acetate, although no direct correlations were found. The pH 
of the media and the acetate concentration was negatively connected to cluster 
1 and positively correlated to cluster 2 and 3 and sub-communities G5, G9 and 
G25. Interestingly, the correlations to the T-RF abundances were not 
comparable. High acetate concentrations were accompanied by high 
abundances of the T-RF 67 bp and 209 bp but low amounts of the T-RF 220 bp, 
284 bp and 294 bp and Anaerobaculum 4. However, the pH showed only 
negative correlations to Planctomycetaceae and Bacteroidetes. 
Positive correlations between the sub-communities and the T-RF pattern 
were analyzed. Sub-communities G1, G9 and G21 and cluster 1 showed 
positive correlations to the uncharacterized archaea. Increasing cell numbers in 
sub-community G22 went along with higher abundances of Methanosarcina sp. 
and the T-RF 82 bp. Additionally, low cell amounts in cluster 1 accompanied 
with low abundances of Planctomycetaceae and Bacteroidetes. Cluster 3 
showed positive correlations to the T-RFs 195 bp, 220 bp and 294 bp and 
Methanoculleus sp., Symbiobacterium 3 and Chloroflexi. Interestingly, the sub-
communities of cluster 2 showed different correlation behaviour to the T-RFs. 
Sub-community G16 had positive correlations to the T-RFs 67 bp and 209 bp. 
However, sub-community G17 and G20 had a positive correlation to 
Symbiobacterium 3 and Methanoculleus sp. The correlation pattern of the sub-
community G5 was similar to that of G16. Sub-communities G8 and G27 
showed positive correlations to the T-RFs 82 bp, 220 bp and 284 bp and 
Anaerobaculum 4 and Methanosarcina sp. High cell abundances in sub-
community G25 seemed to be accompanied by high relative abundances of the 
T-RF 82 bp and Methanosarcina sp. 






























































































































































Figure 28: Correlations between the abiotic data an d data on cellular and genetic level 
during stress phase. Abundances of selected sub-communities and T-RFs were correlated to 
selected abiotic factors using Spearman´s Rho. Darker green (positive correlation) and blue 
(negative correlation) colours indicate a stronger correlation. C1 – cluster 1, C2 – cluster 2 and 




4.4.3.6 Correlations during the recovery phase 
The pH of the feed was shifted back to pH 3 which should cause a relaxation 
and recovery of the community and thus leading to the biogas yields found 
during the optimal phase.  
A positive correlation between the biogas yield and glycolate feed was 
observed indicating that a recovery of the system occurred (Figure 29). 
However, no connection of biogas yield and any other parameter except the gas 
composition was observed, which could be caused by the slow recovery 
process. The methane content decreased with increasing biogas yields as 
shown before. Positive correlations between the glycolate feed, cluster 1 and 
sub-communities G21 and G26 were found whereas negative correlations were 
found to cluster 3 and sub-communities G5, G22, G25 and G27. The glycolate 
feed concentration seemed to have no direct effect on the T-RF pattern.  
Negative correlations between the pH and cluster 1 and sub-community G26 
were observed indicating that the reduction of the pH induced a relaxation of the 
system. Additionally, the slowly decreasing pH could have a positive effect on 
the abundance of the T-RF 82 bp but a negative influence on Firmicutes 2. 
The acetate and glyoxylate concentration seemed to have no effect on any 
other abiotic parameter or sub-community. Acetate showed a negative effect on 
the T-RF 67 bp and a positive on the T-RF 220 bp. The T-RF 195 bp, 
Symbiobacterium 3 and Petrotoga showed a positive correlation to the 
glyoxylate concentration. Propionate was not observed during this phase. 
Positive connections between the sub-communities and the T-RF pattern 
were analyzed. Sub-communities G5, G8, G9 and cluster 2 had positive 
correlations to the T-RF 195 bp, Symbiobacterium 3 and Chloroflexi. 
Additionally, sub-community G8 showed a positive effect on Planctomycetaceae 
and Petrotoga.  






























































































































































Figure 29: Correlations between the abiotic data an d data on cellular and genetic level 
during the recovery phase. Abundances of selected sub-communities and T-RFs were 
correlated to selected abiotic factors using Spearman´s Rho. Darker green (positive correlation) 
and blue (negative correlation) colours indicate a stronger correlation. C1 – cluster 1, C2 – 
cluster 2 and C3 – cluster 3. Empty boxes symbolize that no correlation could be performed. 
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4.4.3.7 Characterization of glycolate based enrichment cultures 
The glycolate utilization seemed to be the crucial step during the biogas 
formation. An inappropriate turnover results in its accumulation and thus causes 
a drop of pH. Therefore, it was of huge interest to find potential candidates 
which are involved in the glycolate metabolization. First of all glycolate utilizing 
organisms which can tolerate oxygen were isolated from the reactor sludge. For 
this purpose, a sample from day 359 was incubated on glycolate containing 
agar plates in an oxic milieu and colonies were picked.  
The results shown in Figure 30 and Figure 31were generated by Stefanie 
Troche. Six glycolate utilizing groups were characterized more into detail. The 
genetic profile (Figure 30) and the glycolate removal (Figure 31) was analyzed. 
The genetic profiles of the final samples of the glycolate removal 
experiments were analysed with a 16S-rRNA T-RFLP approach. The affiliation 
was based on the clone libraries found in Table 8 and Table 9. The genetic 
patterns of all groups showed a diverse culture composition in the colonies. 
None of the organism was commonly found in all groups indicating that a 
multitude of glycolate utilizing organisms can be found in a biogas reactor 
(Figure 30). 
Group 6 is mainly composed of the T-RF 209 bp, but also small fractions of 
the T-RF 207 bp and 223 bp and Peptococcaceae were detected. 8 organisms 
below 5 % were found in this group. A high fraction of the T-RF 220 bp was 
detected in group 7 and 10. Furthermore only five organisms below 10 % were 
found in group 7. Group 10 had also high portions of Anaerobaculum 4 and the 
T-RF 250 bp. The main fractions of group 9 were T-RFs 67 bp, 229 bp and 
292 bp and Anaerobaculum 4. The T-RFs 64 bp, 67 bp, 196 bp and 231 bp 
were the most abundant ones in the group 16. Group 18 was mainly composed 
of the T-RFs 64 bp and 231 bp.  
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Figure 30: Genetic pattern of enriched organisms ga ined from glycolate containing 
media. T-RF composition of glycolate utilizing group 6, 7, 9, 10, 16 and 18 are shown at the end 
of the experiments performed in Figure 31. All T-RFs found, are shown. Taxonomy was 
determined at the lowest possible assignment. Darker red colour intensity indicates a higher 
relative abundance. 0 % relative abundance represent abundances which were below the 
detection limit (3 %).  
 
 
The glycolate removal and metabolization behaviour of the groups 6, 7, 9, 10, 
16 and 18 were observed. The groups were first cultivated under aerobic 
conditions (phases before the first arrows in Figure 31A to F) to gain a sufficient 
amount of biomass. The first arrow marked the beginning of the feeding during 
the anaerobic cultivation. At least two anaerobic phases were performed to 
observe the adaption from the aerobic to the anaerobic conditions.  
A removal of the glycolate by group 6 within 4 days was observed under 
aerobic conditions (Figure 31A). During the first anaerobic phase, the removal 
occurred slower, full removal was achieved after 7 days. However, the glycolate 
content was not detectable after 3 days during the second anaerobic phase. 
Group 6 seemed to convert the glycolate mainly into carbon dioxide (7.56 and 
6.77 % CO2 in the final sample).  
The aerobic removal of glycolate by group 7 was performed within two days 
(Figure 31B). During the first three anaerobic removal phases, the glycolate was 
vanished from the media within 4 days. However, the forth removal phase took 
6 days. Also group 7 converted the glycolate mainly into carbon dioxide (10.03 
and 8.84 % CO2 in the final sample).  
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The glycolate content in the experiments performed with group 9 showed a very 
low level within five days during the aerobic phase (Figure 31C). The removal of 
the glycolate in the first anaerobic phase took 10 days. Both bottles showed no 
consumption till the end of the study during the second anaerobic phase. The 
glycolate seemed to be mainly converted into carbon dioxide from group 9 (4.95 
and 5.72 % CO2 in the final sample).  
The glycolate removal behaviour of group 10 was comparable to group 9 
(Figure 31D). The aerobic consumption took two days. In contrast, the first 
anaerobic removal took four days. An initial removal of the glycolate during the 
second anaerobic phase was observed. However, after three days the glycolate 
level in the media stayed constant. Again the glycolate is mainly converted into 
carbon dioxide (4.36 and 7.75 % CO2 in the final sample).  
The aerobic removal of glycolate by group 16 was performed after five days 
(Figure 31E). The glycolate was completely removed from the media within 9 
days during the first anaerobic phase, while the full consumption took only 6 
days during the second anaerobic phase. After a long period with a glycolate 
level of almost zero, a further feeding was performed, which removal took 14 
days. The main product was carbon dioxide (9.56 and 7.77 % CO2 in the final 
sample).  
Group 18 removed the glycolate within 5 days during the aerobic phase 
(Figure 31F). The first, second and third anaerobic removal occurred after 7, 19 
and 10 days, respectively. Carbon dioxide is the main product (5.54 and 8.76 % 
CO2 in the final sample).  
Interestingly, no propionate, acetate or glyoxylate was found in the samples 
from all groups during the experiments. 
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Figure 31: Glycolate removal and utilization behavi our of group 6 (A), 7 (B), 9 (C), 10 (D), 
16 (E) and 18 (F). The glycolate removal from the media over the time was observed. The 
arrows show the feeding points. Glycolate concentration should be 0.1 g L-1 after the feeding. n 




5. Discussion  
In conventional biogas plants, substrates like maize, distillers grains with 
solubles or manure are commonly used (Manz et al., 1994; Zhang et al., 2013). 
Additionally, algae have been identified as a promising renewable energy 
substrate (Wiley et al., 2011). It is aimed to develop a completely new approach 
to circumvent the drawbacks of conventionally used substrates (Günther et al., 
2012a; Wilhelm et al., 2011). In this study glycolate was used as substrate for 
the biogas production in a new system. Drawbacks like the decision whether the 
substrate should used as food or fuel and the varying substrate compositions 
would be circumvent with glycolate as substrates. Glycolate was produced 
during the photorespiration of certain algae and subsequent excreted (Cheng et 
al., 1972; Moroney et al., 1986). Glycolate is a simple organic acid, and thus 
could be easily degradable but can cause system failures at high amounts due 
to acidification (Lana et al., 1998). Furthermore, only few organisms are 
currently known to metabolize glycolate under anaerobic conditions (Cornick 
and Allison, 1996; Friedrich and Schink, 1993, 1995; Friedrich et al., 1991, 
1996; Janssen and Hugenholtz, 2003; Sakai et al., 2008; Seifritz et al., 1999).  
Anaerobic microorganisms and substrate composition as well as 
experimental methods and conditions result in different robustness of the 
system to shifts in the abiotic factors (Chen et al., 2008). The biogas yield 
depends on organic acid content (Koch et al., 2013a), pH of the digestate or 
feed (Angelidaki and Ahring, 1993; Angelidaki et al., 1993; Babaee and 
Shayegan, 2011; Mata-Alvarez et al., 2000), hydraulic retention time (Yadvika 
et al., 2007) or feed amount (Babaee and Shayegan, 2011). Additionally, the 
microbial community structure plays an important role on the biogas yield (Koch 
et al., 2013a, 2013b). A sub-optimal community composition could lead to 
instabilities and in some cases to a complete system failure (Koch et al., 
2013a). Therefore, investigations on the process and community stability were 
performed using glycolate as substrate.  
Here, we focus on parameters and microbial structures with a major impact 




5.1 Influence of process parameters on the reactor performance  
5.1.1 Influence of the glycolate concentration on the system productivity 
The major impact on the biogas productivity of the system has the substrate. 
Therefore, the impact of glycolate on the productivity was analyzed. The biogas 
yield was positively influenced by increasing glycolate feeds during the sub-
optimal, optimal and recovery phase indicating that the microbial system 
seemed to be well adapted to the conversion of glycolate to biogas. Around 
500 ml biogas was produced from 1 g glycolate at 37°C. Increasing substrate 
concentrations resulted in higher biogas production rates (R2 = 0.97) indicating 
that no process inhibition occurred by the chosen substrate concentrations.  
The Karlsruhe Institute of Technology calculated a maximum daily glycolate 
flow (8 h production time per day) of 320 mg glycolate h-1 m-2 photomodule 
area. Our system had a maximum conversion of 1.8 g glycolate d-1 L-1 biogas 
reactor volume, indicating that an area of the algal module of 0.7 m2 per 1 L 
biogas volume would be sufficient for the complete photobioreactor.  
37.5 % CH4 and 62.5 % CO2 was predicted as biogas composition for 
glycolate as carbon source (Friedrich et al., 1991). The gas of the presented 
system showed a composition of 41 ± 3 % CH4 and 56 ± 3 % CO2, which is 
more or less similar to the theoretically calculated best value. CH4 contents in 
the biogas of conventional biogas systems are highly variable. Substrates, like 
cow manure or maize gave CH4 contents of 60 – 68 % and 55 – 62 %, 
respectively (Amon et al., 2007). These fluctuations are caused by shifts in the 
substrate composition. The usage of a mono-substrate, like glycolate, as 
substrate for biogas plants would result in a stable biogas composition, what 
was shown in this study.  
A carbon recovery, including methane and carbon dioxide, of 74 % was 
observed in the biogas produced in an anaerobic pond fed with mixed 
substrates (Picot et al., 2003). 87 ± 8 % of the carbon could be recovered in the 
biogas over a long time period in the system fed with glycolate. The balanced 
biogas composition and the high carbon content in the biogas indicate that 
glycolate is one of the best suitable substrate found for methane production. 
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Only minor side reactions i.e. biomass, carbon and energy formation or parasitic 
reactions seemed to be performed. Additionally, some carbon was lost due to 
reactor sampling. A complete and directly proven carbon balance can be 
obtained by experiments with [1-14C]glycolate or [2-14C]glycolate which could 
give valuable insight in glycolate flux and potential pathways. 
 
 
5.1.2 pH and organic acid content as crucial parameters 
The pH is the most sensitive parameter in a biogas process (Babaee and 
Shayegan, 2011). It indicates the stability of the system depending on the buffer 
capacity of the used media. The optimum pH for the methanogenesis ranges 
from 6.6 to 7.8 (Mata-Alvarez et al., 2000), which could also be observed in the 
reactor fed with glycolate. System failures were observed at pH < 6.1 and > 8.3 
in the system of Mata-Alvarez et al., 2000. Interestingly, the biogas yield was 
not directly influenced by pH shifts during this study (no correlations). As a 
possible cause the low but existing buffering potential of the digestate was 
mentioned which could lead to a certain time delay in the system reaction 
(Mata-Alvarez et al., 2000). The community showed high glycolate removal 
rates at pH 6 to 8 in an artificial measurement system (outside the reactor). 
These findings agree with results of Angelidaki and Ahring, 1993; Angelidaki et 
al., 1993; and Mata-Alvarez et al., 2000.  
Due to the low buffer capacity, a fast removal of glycolate from the system 
seems to be crucial to ensure a stable pH. An accumulation of glycolate could 
lead to an acidification of the media causing a reduction of the methanogenesis 
(Angelidaki and Ahring, 1993; Angelidaki et al., 1993) and to system failure. It 
could be observed that 1.6 g glycolate L-1 led to a pH around 5 under normal 
running conditions. These data indicate that the system has limited potential to 
handle accumulating acidic substances.  
A direct correlation between the acetate and propionate content and the 
biogas yield was not observed in our study. Possible reasons are the sporadical 
occurrence of these organic acids in the media and a time delay in their 
formation after the shift of an abiotic parameter. Eventually, the accumulation of 
organic acids in the media is an indicator for an imbalanced system. Otherwise, 
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the intermediates of the glycolate degradation to methane would not 
accumulate.  
A possibility to increase the overall biogas production is to use higher 
glycolate feeds. As mentioned above, the buffer capacity of our system is very 
low. Therefore, the pH of the feed solution was adjusted to 7 to facilitate the 
application of higher feed amounts without risking a breakdown of the system. 
However, the pH shift did not show the expected results. A neutralization of the 
feed could lead to a reduction of free protons, which are essential to form 
hydrogen. Protons from the media have to be abstracted to maintain the 
hydrogen formation and thus the methanogenesis leading to the re-adjustments 
of equilibrium reactions in the system. Due to the huge amounts of carbon 
dioxide dissolved in the media, the carbonic acid equilibrium is the main 
equilibrium found in our biogas system. It would be shifted towards carbonates 
which can precipitate. An accumulation of inorganic carbon was observed after 
the pH of the feed was changed to pH 7 resulting in a lower potential to release 
carbon dioxide. Therefore, the biogas composition shifted in favour to methane. 
A further problem of this approach was the disturbed glycolate removal. An 
accumulation of the glycolate was observed during the “day” phase where 
glycolate was fed. The glycolate was removed only during the feed breaks. 
However, an accumulation of the glycolate bears the risk of a pH drop and 
should be avoided. 
The reactor performance and the buffer capacity of the media indicated that 
feed concentrations below 1 g glycolate d-1 L-1 with a pH of 3 ensure a stable 
running system defined by high biogas yields, low concentrations of organic 
acids, stable pH and community structure. Experiments of the Karlsruhe 
Institute of Technology showed that an accumulation of 800 mg glycolate L-1 in 
the algal compartment is possible, which correlates with the above suggested 
daily amount. However, in comparison to conventional biogas systems, the 
substrate concentration is quite low (1.3 to 10.08 g volatile solids d-1 L-1; 
Chynoweth et al., 1999). An increase of the buffer capacity by changing the 
media composition could be useful to apply higher glycolate concentrations. 
Here, a compromise between the media for the algae, the bacteria and the 
methanogens has to be found. A phosphate containing media which is used 
5. Discussion 
75  
currently for the algae should be avoided due to the fact that the 
methanogenesis could be inhibited (Conrad et al., 2000).   
A further possibility for the reactor design would be a pH controlled glycolate 
feeding. A pH below 6.8 signals already a disturbed system which should 
induce a feed stop.  
 
 
5.1.3 Influence of oxygen on the system 
One of the major problems faced during the biogas process is its inherent 
instability (Nielsen et al., 2007). Accidental or unavoidable oxygen loading is 
one aspect of this problem inducing reactor instabilities, slow start-ups, low 
methane yields and even total reactor failures (Kato et al., 1997). Furthermore, 
conversion of organic materials to carbon dioxide under aerobic conditions 
would lead to decreasing methane yields during the process. A further problem 
is that methanotrophic organisms, which are capable to oxidize methane, might 
reduce the methane production. These organisms are mainly aerobic (Botheju, 
2011).  
The dissolved oxygen content in the biogas reactor ran at 37°C was at 
highest 0.16 % after one feed. An accumulation was not detected during the 
study, indicating that oxygen was removed. However, the oxygen level in the 
planned reactor could be higher due to increased oxygen levels in the media 
used to cultivate the algae. This is at the moment 40 % oxygen in the gas phase 
(Günther et al., 2012a; Wilhelm et al., 2011). However, this working group is 
interested in the reduction of the oxygen level. The application of algae mutants 
with a disturbed carbon concentrating mechanisms seems to very promising. 
The disturbance would result in a low concentration of carbon dioxide around 
the RuBisCO and thus favours its oxygenation reaction also at lower oxygen 
levels.  
A further aspect which was analyzed in this thesis was the pulsating input of 
oxygen with and without glycolate as substrate. A pulsating input of oxygen into 
the methanogenic compartment could occur for example when the oxygen 
stripping of the product flow from the algal compartment is not sufficient and/or 
the feeding is applied in intervals. For experimental reasons, air was pumped 
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through a silicon pipe in the reactor run at room temperature. The air is able to 
permeate through a silicon pipe into the media. Finally, 5 – 10 % of dissolved 
oxygen was detected in the media leading to the complete absence of biogas 
production. This was probably caused by the complete consumption of the 
glycolate to remove as much oxygen as possible from the system leading to a 
lack of the substrates for the subsequent reactions. In presence of oxygen, 
facultatively aerobic organisms can rapidly switch their metabolic function to 
aerobic respiration instead of fermentation (Mshandete et al., 2005; O’Keefe 
and Chynoweth, 2000). This will generate carbon dioxide as metabolic end 
product. Interestingly, no gas formation could be observed in our system. An 
explanation would be that the microbial community started to transform to be 
able to tolerate the oxygen exposure. Therefore, the fed carbon was used. After 
the oxygen application was stopped, the system could be restored. Former 
experiments showed that methanogens survived oxygen exposure for 18 days 
when substrate was supplied (Shen and Guiot, 1996) and a recovery of the 
methane generation was possible after the application of oxygen to another 
system (Botheju et al., 2010). Facultative organisms seemed to consume the 
oxygen using the substrate leading to the reduction of the oxidative stress on 
methanogens. Our data showed that an oxygen removal did not occur after 
oxygen exposure when omitting the substrate. Kato et al., 1993, suggested that 
the presence of enough substrate was important for the oxygen tolerance of 
anaerobic cultures. Additionally, they noticed that low oxygen levels could even 
been tolerated at no substrate conditions (Kato et al., 1993). This could be due 
to some intrinsic oxygen tolerance or to the presence of some substrates, like 
decaying biomass (Zitomer, 1998). This could also be observed in our system. 
After the application of a feed portion, the oxygen is removed from the system. 
Additionally, the system could be recovered after the oxygen application was 
stopped.  
These results can be used to define process conditions in connection with 
oxygen. 0.16 % dissolved oxygen seemed be tolerated by system without the 
loss of the overall biogas formation. However, the application of oxygen to the 
system will lead to the reduction of the methane yield. An oxygen content of 5 –
 10 % in the media was also tolerated for at least one day. However, no biogas 
formation was observed. Fortunately, the community was able to recover after 
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such an oxygen exposure. Important for the process design is that this oxygen 
exposure can only been borne when a sufficient amount of glycolate is present. 
Further research has to be performed to find a minimal ratio between the 
glycolate and the oxygen amount.  
 
 
5.1.4 Lower temperature reduces the biogas yield 
The influence of the temperature on the process stability was of interest. It could 
be shown that a well-adapted reactor system could convert glycolate into 
methane at a range from 20 to 27°C (room temperature) while the biogas yield 
reached only 70 % in comparison to 37°C. Additionally, the data indicated that 
the reactor stability was reduced in the system at room temperature. It could 
tolerate only half of the concentration (0.9 g glycolate d-1 L-1) in comparison to 
the reactor system at 37°C (1.8 g glycolate d-1 L-1). A higher glycolate input 
caused an acidification of the system and a complete system failure.  
The data suggest that 37°C is the favoured temperature for the biogas 
formation which should be taken into account for the reactor design. A decrease 
in the process temperature seemed to result in a lower biogas yield meaning 
the biogas output in comparison to the glycolate input will be decreased and 
thus causing financial losses. Further studies on the parameter temperature 
have to performed including stability analysis at different temperatures and on 
shifting temperatures for example in a day-night-rhythm. These analyses are 
needed to find the optimal temperature and to decide whether a temperature 




5.2 Defining probable functions within the communit y  
The functions of different sub-communities and T-RFs can be defined by 
several ways. First of all, all detected parameters could be correlated to each 
other giving hints on certain functions (Günther et al., 2012b). However, 
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correlation does not always imply a causation (Shipley, 2000). This point has to 
be always taken into account when analyzing correlations of different abiotic 
and biotic parameters. Second, interesting sub-communities could be 
genetically analyzed. The gained information could be compared with data 
bases (NCBI or RDP) and thus give hints on certain functionalities due to former 
experiments. Together with the data from the correlation analysis possible 
functions could be predicted. Third, enrichment cultures could be produced and 
analyzed concerning their glycolate removal and degradation behaviour. A 
genetic and functional analysis of such groups could give further hints on 
probable functions. However, studies with enrichment cultures will give only 
small information due to the fact that often syntrophies exist within a biogas 
system. The partial enrichment of such a consortium could cause misleading 
results in connection to the whole process. A further problem could be that 
these enrichment cultures could be inactive in the whole community and thus 
causing misleading or confusing results. 
In this study, correlation analyses were performed and aerobic enrichment 
cultures on the basis of glycolate were studied.  
 
 
5.2.1 Definition of community structures 
In most cases the functions of specific microorganisms in biotechnological 
processes with complex substrates can be elucidated only to a limited extend. 
This might be partly due to the large number of potentially uncultivatable 
organisms (> 99 % of soil bacteria (Clardy, 2007), > 90 % of wastewater 
bacteria (Manz et al., 1994)). Furthermore, only little is known on thousands of 
unknown interrelationships, metabolisms and regulations. The understanding 
and controlling of the multiple functions of cells is of major interest in microbial 
systems (Talbot et al., 2008; Turnbaugh et al., 2007). A major problem is that 
there exists no rapid detection method for community dynamics.  
Usually, DNA based techniques were used to analyze community dynamics 
(Koch et al., 2013b). Fingerprinting techniques, like T-RFLP, denaturing 
gradient gel electrophoresis (DGGE) or amplified rDNA restriction analysis 
(ARDRA), were commonly used. Deep sequencing techniques make it possible 
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to sequence the genome of every organism within a system (Hamady and 
Knight, 2009; Martinez-Garcia et al., 2012) giving information on the theoretical 
potential of the community. All these techniques are PCR based and thus have 
limitations due to the DNA extraction method and the PCR amplification 
(Engelbrektson et al., 2010; Hartmann and Widmer, 2008). Additionally, they 
cannot be used to follow rapid dynamical changes. A further problematic aspect 
is that DNA could have a relatively long persistence (several days to 3 weeks) 
after cell death (Josephson et al., 1993; Masters et al., 1994). Therefore, a 
substantial overestimation of the presence of living microorganisms and its 
metabolic activities could occur. Additionally, all techniques cannot distinguish 
between active and inactive cells. All in all, exact cell abundance behaviour 
cannot be predicted with all fingerprinting or deep-sequencing method.  
It was shown, that changes in community structure can be detected using 
simple two-parameter analysis on the basis of the forward scattering and the 
number of chromosomal equivalents per cell using the UV-excitable and AT-
specific stain DAPI (Müller, 2007). DAPI labels all cells independent of species 
identity. Stains, like Syto 9 or Sybr Green, would result in a lower resolution. 
The gained cytometric patterns from the flow cytometry served as fingerprint for 
the whole community at any sample time (Bombach et al., 2011; Wang et al., 
2010b). It was possible to define cell clusters in 2D cytometric histograms. Also, 
this method is limited (Koch et al., 2013b). The scattering behaviour need to be 
taken into account, cells need to be unbroken and segregated.  
All in all, one could say that flow cytometry is a good tool to observe 
community dynamics which could be helpful for the definition of cell activities. 
However, a designation of certain microorganisms is not possible. For this 
reason, a DNA based techniques would be from interest to define certain 
players although the risk of the detection of non-active and dead cells exists. 
The combination of the data gained from the sub-community analysis by flow 
cytometry and 16S rDNA T-RFLP of the complete community could elucidate 
further functions of the specific microorganisms in the reactor. 
 
The community structures both on the cellular and genetic level were analyzed 
over the study time. Interestingly, although the phases (sub-optimal, crash, 
optimal, stress and recovery phase) were defined according to reactor scheme 
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variations, these variations were also mirrored by the cytometric and genetic 
patterns. Both the community structure on the cellular and the genetic level 
showed comparable community compositions after a certain adaption time 
concerning their phase affiliation. Changes in the abiotic parameters led to re-
organization of the community structure. It was suspected that the community 
structure start to transform stepwise during the recovery phase and a new 
functional stable state would establish, as it was observed in other biogas 
systems (Girvan et al., 2005; Gunderson, 2000; Scheffer and Carpenter, 2003; 
Schröder et al., 2005). However, an approximation of the composition to its 
former state (optimal phase) was observed. Maybe this composition is preferred 
for the biogas production from glycolate. This fact is also supported by other 
observations. The biogas yield increased, while the community composition 
seemed to optimize at the beginning of the optimal phase. A community like at 
the end of the recovery was observed. Additionally, the community in the sub-
optimal phase showed a different structure as in the optimal or recovery phase 
although the biogas yields were similar. However, organic acids were detected 
during this phase which could be explained by the sub-optimal community 
composition.  
Some environmental parameter changes could be tolerated by the system 
like changes in feed rhythm or shift in the pH of the feed, while the application of 
too high glycolate amounts (3.6 g d-1 L-1) led to a system failure. Whether a 
system can handle certain condition shifts depends on several parameters. An 
imbalance between substrate degrading organisms and further utilizing 
organisms like acetogens and methanogens could lead to reduced biogas 
yields (Schnürer et al., 1999; Sundh et al., 2003). These imbalances could 
occur due to different activities and reproductivities of these organisms (Hattori, 
2008; Schnürer et al., 1999). Process inhibition is usually indicated by a 
decrease of the steady-state rate of methane gas production and accumulation 
of organic acids (Kroeker et al., 1979). However, flexibility seem to be important 
for a stable community in a biogas reactor (Fernandez et al., 2000; Girvan et al., 
2005).  
Both techniques (flow cytometry and T-RFLP) were used to analyze the 
influence of certain shifts of the abiotic parameters on the community structures. 
However, they are based on the abundance of certain microorganisms. 
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However, there can be discrepancies between the most abundant and the most 
active organisms (Barret et al., 2012). Furthermore, the determination of certain 
functions by the detection of the correlations could sometimes be challenging 
due to the fact the cell numbers and the T-RFs were detected in relative 
abundances meaning a reduction of one group must necessarily result in the 
increase of another. Therefore, it is sometimes unclear whether a shift in an 
abiotic parameter is an effect on only one group which results in a shift in the 
relative numbers of other groups or the abiotic parameter influences several 
groups. These facts have to be always taken into account. The detailed 
discussed results can be found in the following chapters.  
 
 
5.2.1.1 Functions of the sub-communities 
The abiotic and biotic parameters entail each other meaning shifts of abiotic 
parameters can change the community structure. However, a new community 
structure can also cause alterations in the abiotic parameters. Interestingly, only 
a few correlations between the biogas yield and the sub-communities were 
found indicating that the community needs a certain adaption time to the new 
conditions. However, the biogas yield decreased quite immediately after a 
perturbation was introduced (crash and stress phase). The community might be 
able to increase its metabolic activity but started to transform as a result of 
adaption.  
The role of the sub-communities and clusters during the process should be 
examined by analyzing the found correlations. Three categories of sub-
communities and clusters were defined. The first group seemed to be directly 
involved in the substrate to product metabolization. The second group includes 
sub-communities and clusters which are involved in the stabilization or 
destabilization of the process. The third group could not be assigned to a 
function. Probably, they are involved in the degradation of dead cells.  
Cluster 1 and sub-communities G21, G22, G25, G26 and G27 seemed to be 
members of group 1. Cluster 1 showed a positive correlation to the glycolate 
feed during the optimal and the recovery phase indicating the involvement in the 
biogas formation or the initial substrate conversion. The CyBar showed similar 
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behaviour of sub-communities G21 and G26 like cluster 1. However, the 
correlations of cluster 1 could not been found. These sub-communities seemed 
to have a very slow reaction time. A negative correlation between sub-
community G22, G25 and G27 and the glycolate feed was found in the optimal 
and recovery phase indicating that these communities were also involved in the 
substrate conversion.  
Cluster 2 and 3 and sub-communities G5 and G9 might belong the second 
group. Cluster 2 showed only a positive correlation to the acetate content and 
the pH during the stress phase. These findings indicate that cluster 2 might not 
been directly involved in the biogas formation. It could be involved in the 
stabilization of the process for example in the depletion of acetate from the 
media or the formation of acetate waiting in dormancy for instabilities in the 
system. The abundance in cluster 3 decreased with increasing glycolate feeds 
during the optimal and the recovery phase. Together with the observation that it 
increased in cell number during the stress phase, probably caused by the 
increase of the pH or the accumulation of acetate, it could be assumed that this 
cluster was also not involved directly in the biogas process. Sub-community G5 
and G9 showed positive correlations to the acetate concentration and the pH 
during the stress phase. These sub-communities could be involved in the 
formation or depletion of acetate from the media like cluster 2 and 3. 
Interestingly, sub-community G1 is the community with the highest cell 
abundance. However, only a low number of correlations were found. This 
community has probably a stabilizing effect on the whole community. This 
phenomenon was also observed previously (Koch et al., 2013b). 
Sub-community G8 seemed to be the only member of the third group. It 
showed a completely different behaviour in comparison to the other sub-
communities. High cell abundances during both the stress and the crash phase 
were observed indicating that these organisms seemed to profit from the 





5.2.1.2 Functions of the bacterial community 
The presence of complex food webs, including several organisms of one 
physiological group, may especially ensure stable reactor systems that is 
adapted to variable reactor operation, e.g. feed concentration (Lerm et al., 
2012). Therefore, the microbial community was not only analyzed on the cellular 
level but also on the genetic level to gain more information on some key 
players. A bacterial and an archaeal clone library were generated to assign the 
community members. However, a huge amount could not been assigned to any 
phyla in the databases indicating that numerous so far unidentified organisms 
can be found in biogas plants (Wirth et al., 2012). Interestingly, the bacterial and 
archaeal community structure on the genetic level evolved several organisms 
which were not described in the clone library and vice versa. These 
discrepancies could probably be circumvented by extending the clone library. 
Therefore, a new cloning strategy would be helpful. Another DNA extraction or 
PCR setup could be used. Also one could think about a new gene area which 
can be amplified in the T-RFLP analysis, e.g. mcrA for the methanogens.  
Measured at the number of T-RFs found in our system, the diversity in the 
seemed to be lower as in comparison to other biogas plants (Ziganshin et al., 
2011, 2013). This could be likely related to the use of glycolate as substrate 
which could cause a reduction of metabolic niches that can be occupied by the 
microorganisms (Vanwonterghem et al., 2014). Interestingly, although the 
microbial system was fed with glycolate since 3 years, the system was highly 
diverse. The function of this huge variety of organism should be clarified. The 
main function is the metabolism of glycolate to methane. Different 
microorganism could perform the same reactions in this metabolic chain. 
Therefore, the process could run more stable because the capacity of a certain 
microorganism can be compensated in case of inappropriate conditions for 
another microorganism. Furthermore, some organisms could be involved in the 
degradation of dead microorganisms, the stabilisation of the process due to the 
metabolism of accumulating intermediates or the competition about 
intermediates. Additionally, glycolate can be converted in substrates (e.g. 
malate) which can be integrated into all main metabolic pathways (e.g. citric 
acid cycle) enabling many organisms to survive in this reactor system. This 
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knowledge could be useful for other technologies using starch as energy source 
because the introduction of glycolate in the main pathways makes it suitable to 
substitute starch in the future.  
The bacterial community setup plays an important role to convert the 
substrate (glycolate) to a product suitable for the methanogens. A change from 
the optimal process parameter would cause an inadequate substrate 
metabolization and thus lead to the reduction of the biogas yield. However, the 
bacterial community could be more flexible due to its high diversity. Different 
organisms could share the same tasks (Vanwonterghem et al., 2014). The 
bacterial composition is influenced by many parameters. Shifts in the 
composition of the methanogens resulted in a shift between the 
hydrogenotrophic and acetoclastic methanogenesis which further led to a 
change in the bacterial composition (Vanwonterghem et al., 2014). Certain 
bacteria could be preferred due to changes in pH, organic acid concentration 
and glycolate feed amount leading to a re-arrangement of the bacterial 
structure. Therefore, the correlation between the abiotic parameters and the T-
RF patterns were examined.  
The main bacterial phyla were Firmicutes, Synergistes and Planctomycetes. 
These phyla are well known in biogas reactor systems (Bengelsdorf et al., 2013; 
Chen et al., 2004; Chouari et al., 2005). Interestingly, the results from the clone 
library and the analyzed samples showed that microorganisms which were 
described previously to metabolize glycolate anaerobically were not found, yet 
(Cornick and Allison, 1996; Friedrich and Schink, 1993, 1995; Friedrich et al., 
1991, 1996; Janssen and Hugenholtz, 2003; Sakai et al., 2008; Seifritz et al., 
1999). These data indicated that at least one further organism is able to use 
glycolate as substrate. Studies with enrichment cultures or pure cultures would 
be interesting to elucidate glycolate-degrading organisms (compare chapter 
5.2.2). Members of the phyla Firmicutes and Planctomycetes are probably 
involved in the metabolization of glycolate because the genome sequence for a 
glycolate oxidising enzyme was found in Symbiobacterium thermophilum (Ueda 
et al., 2004) and in a marine Planctomycete (Glöckner et al., 2003). However, 
whether the corresponding protein is translated from these gene sequences is 
not clear. Furthermore, Lui et al. (2012) showed that the Planctomycete 
Thermopirellula anaerolimosa gen. nov., sp. nov. is able to convert sugars, like 
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glucose and maltose to hydrogen and acetate (Liu et al., 2012). Therefore, the 
planctomycete found in our system could also be involved in the formation of 
hydrogen and acetate which are necessary compounds for the 
methanogenesis. One working group found the gene sequence of a glyoxylate 
degrading enzyme in Chloroflexus aurantiacus (Tang et al., 2011) which results 
in at least a genomic potential to convert glyoxylate. Whether this gene is 
transcribed and translated is unclear. Anaerobaculum mobile sp. nov. is known 
to ferment substances like malate or pyruvate to acetate, hydrogen and CO2 
(Menes and Muxí, 2002) which are substrates for methanogenesis. 
Anaerobaculum sp. is probably involved in the metabolization of glycolate-
cleavage products like glyoxylate or malate. 
All in all, three categories of microorganisms were identified. One group 
seemed to be directly involved in the substrate metabolization and biogas 
formation. The T-RF 82 bp, Planctomycetaceae, Anaerobaculum 4 and 
Bacteroidetes, Petrotoga and Haloplasmataceae seemed to belong to this 
group. Symbiobacterium 2 and 4 and Firmicutes 2 also could be member of this 
group although they were only present during the first reactor setup (sub-
optimal and crash phase). Petrotoga could also be a member of the first group 
at least during the second reactor setup (optimal, stress and recovery phase). 
The second group could be involved in the stabilization of the process. 
Members of this group could be involved in the formation of acetate and thus 
leading to instabilities in the system or they are involved in the acetate 
degradation causing a stabilization of the process. This group consists of 
Symbiobacterium 3, T-RFs 209 bp, 220 bp, 284 bp and 294 bp. The third group 
could not be assigned to a function but could be involved in for example the 
degradation of dead cells. This group may consist of Ruminococcaceae, the 
organism with the T-RF 67 bp and Chloroflexi. The functions of some important 
members are discussed more into detail.  
The organism with the T-RF 82 bp was found during all phases and could be 
involved in the biogas formation process. A connection between this organism 
and the biogas yield could not been observed during the stress phase which 
could probably explain why the system did not fail during this phase but showed 
a decreased biogas yield.  
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Planctomycetaceae is one of the bacterial families with the highest T-RF 
abundance during the study. It decreased in abundance during the crash phase 
probably caused by the too high glycolate feeds itself or the drop in pH. A 
reduction in abundance was also observed during the stress phase due to the 
increasing level of propionate in the media and/or the increase of the pH during 
this phase. These data suggest a probable important role in the biogas 
formation although a positive correlation was not found during biogas 
production phases. However, a reduction below a critical level accompanied 
always with a reduced biogas yield (i.e. positive correlation during crash). 
Anaerobaculum 4 and Bacteroidetes are organisms with a moderate 
abundance over the complete study indicating a high importance in the biogas 
formation process. Interestingly, Anaerobaculum 4 seemed to decrease with 
increasing glycolate feeds during the optimal phase probably the reactor 
conditions were not optimal for this organism (e.g. absence of acetate). 
Bacteriodetes could be inhibited by glyoxylate in the stress phase. It was shown 
that these organisms were dominant at higher volatile fatty acid concentrations 
in another biogas system (Vanwonterghem et al., 2014). However, these data 
could not been confirmed with our data.  
Symbiobacterium 2 and 4 were mainly present in the first reactor system 
(sub-optimal and crash phase). The removal of acetate from the media at the 
beginning of the sub-optimal phase seemed be favoured by both organisms. 
They seemed to be vanished from the system during the crash phase and could 
not prevail again during the last three phases. Interestingly, Symbiobacterium 3 
showed a completely different behaviour. It could be detected during all phases 
and increased in abundance at the end of the sub-optimal phase probably as a 
result of the high glycolate feeds. It had a positive correlation to the acetate 
content during the sub-optimal and the crash phase. However, the pH drop in 
the crash phase caused also a fast reduction of the abundance. Probably, this 
organism is involved in the stabilization of the process by for example 
consuming the accumulated acetate or is involved in the degradation of 
glycolate.  
The member with the T-RF 67 bp was detectable during all phases with a 
high abundance during the crash phase. A positive correlation to the glycolate 
feed was observed during the crash phase. Additionally, it showed a negative 
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connection to the pH of the media during the sub-optimal and the crash phase 
indicating that this organism could be involved in the crash of the system or can 
simply survive at lower pH. It can be assumed that this organism is not directly 
involved in the biogas formation due to the fact that it showed high abundances 
during the crash phase and low abundances during the other phases. Maybe it 
is involved in the metabolization of dead cells.  
 
The sorting of the cells in the sub-community with a subsequent genetic 
analysis would give more information. Therefore, key or rare groups could be 
identified and characterized with high resolution (Koch et al., 2013b). The 
identification of community members with known biochemical capacities could 
help to understand the correlation between abiotic and biotic information found 
in the correlation maps.  
 
 
5.2.1.3 Role of the archaeal community 
Methanogens play an important role during the biogas formation. A disturbance 
in its structure and number could cause system failures. In contrary to the 
bacterial populations which have high growth rates, methanogens tend to react 
only at a low level on changes of environmental parameter (Griffin et al., 1998). 
However, they are more sensitive to environmental conditions than hydrolytic 
and acidogenic bacteria (Babaee and Shayegan, 2011). Our data indicated a 
quite fast reaction of the methanogens on certain parameters.  
The data indicated a lower diversity of this domain in the biogas reactor 
which was commonly observed in several biogas reactors (Sundberg et al., 
2013). The archaeal community found in our system showed three abundant 
organisms: Methanosarcina sp., Methanoculleus sp. and an uncharacterized 
archaea. They were detectable in all five phase and seemed to react on certain 
shifts in the abiotic parameters. Methanomicrobiales and Methanosarcinales 
were often found separately or together as dominant methanogens in anaerobic 
digesters depending on the substrate (Ariesyady et al., 2007; Jaenicke et al., 
2011; Nelson et al., 2011). 
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A connection between the biogas yield and the relative abundance of the 
different methanogens was only observed during the crash phase. The relative 
abundance of Methanoculleus sp. decreased, while the uncharacterized 
archaea increased probably induced by the increase of the glycolate feed 
and/or the drop in pH. The role of Methanoculleus sp. was not clear due to the 
fact that it showed a negative correlation to the biogas yield during the crash 
phase indicating an important role in the biogas formation. However, during the 
optimal phase it had a very low abundance but the process had very high 
biogas yields. The uncharacterized archaea could be a hydrogenotrophic 
methanogen and thus take over the task of Methanoculleus sp. or the preferred 
methanogenesis pathway was shifted. Interestingly, hydrogenotrophic 
methanogens became more dominant after an organic overload in a co-digester 
leading to increasing concentration of volatile fatty acids (Lerm et al., 2012). 
According to older results, hydrogenotrophic methanogenesis is especially 
important at high volatile fatty acid concentrations (Burak Demirel, 2008). These 
findings could not been confirmed by our data. The abundance pattern of the T-
RFLP indicated a decrease of Methanoculleus sp. during a glycolate overload 
and increasing organic acid concentrations.  
The increase in glycolate feed during the sub-optimal phase seemed to 
induce an acetate formation (correlation value: 0.57) which in consequence 
seemed to lead to the increase of the relative abundance of Methanosarcina sp. 
Methanosarcina sp. is able to perform all three methanogenesis pathways. 
However, it dominated during phases with high acetate concentrations which 
could be confirmed by a previous study (Ziganshin et al., 2011). Interestingly, it 
showed no correlation to the acetate concentration during the stress phase 
probably caused by a certain time delay of the reaction during this phase. A 
further reason could be that Methanosarcina sp. is adapted to the acetate level 
during the sub-optimal phase due to its permanent production under sub-
optimal conditions. The acetate production or accumulation during the other 
phases seemed to be caused by a shift in the abiotic setup leading to an abrupt 
change of the process conditions. Methanosarcina sp. is probably too slow to 
adapt to the new conditions although the affinity for acetate (5 µM; Smith and 
Mah, 1978) was higher than for hydrogen (13 µM; Robinson and Tiedje, 1984) 
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in Methanosarcina barkeri at 37°C. However, a certain adaption time to 
generate an adequate enzyme setup would be needed.  
Currently, it is not clear which methanogen is included in the 
uncharacterized group and thus the methanogenesis pathway is unknown. 
More experiments have to be performed to assign the uncharacterized archaea 
which give more information on its role during the process. Therefore, a 
different cloning strategy has to be applied because they could not been 
identified with the current clone library.  
 
 
5.2.2 Enrichment cultures capable to degrade glycolate under anaerobic 
conditions 
The biogas community is highly diverse to achieve the conversion of the 
substrate to the biogas in our system although previous experiments showed 
that only two organism (Desulfofustis glycolicus gen. nov., sp. nov. or 
Syntrophobotulus glycolicus gen. nov., sp. nov. and Methanospirillum hungatei) 
are necessary to perform the metabolization of glycolate to biogas (Friedrich 
and Schink, 1993, 1995; Friedrich et al., 1991, 1996). In this approach, the 
glycolate utilizing organisms are one of the most important groups. They are 
needed to convert glycolate into suitable substrates for the methanogens 
because they are known to be not able to metabolize glycolate directly 
(Friedrich and Schink, 1993, 1995; Friedrich et al., 1991, 1996). Potential 
substrates could be carbon dioxide, hydrogen, acetate or methanol. Glycolate 
could be converted directly or over several steps into one of those substrates. It 
was not clear whether a single or several organisms in series would be needed 
to provide suitable substrates for the methanogenesis.  
Oxygen tolerant glycolate utilizing organisms are from high interest for the 
process optimization. The results from chapter 4.3.4 had shown that the 
community was able to tolerate oxygen when a sufficient amount of glycolate is 
available indicating that probably the glycolate utilizing organisms were involved 
in the oxygen removal. Therefore, enrichment cultures were produced on 
glycolate containing agar plates under oxic conditions. Afterwards, the removal 
rates and the resulting products under anaerobic conditions were analyzed from 
5. Discussion 
90  
six groups (group 6, 7, 9, 10, 16 and 18). It could be observed that the groups 
seemed to have different removal rates. Group 6 and 10 had a moderate 
removal from the media, while group 10 showed a stagnation during the last 
period. Group 7, 9, 16 and 18 showed a very quick removal of the glycolate 
from the media. Interestingly, group 9 stagnated, like group 10, during the last 
period. The different removal rates could be induced by the accumulation of 
potential inhibiting substrates although none were found during the HPLC 
measurement. However, changing the analysis method could give further hints 
on such substrates. Additionally, the syntrophic partner needed for the first 
conversion of glycolate to glyoxylate (Friedrich and Schink, 1993, 1995; 
Friedrich et al., 1991, 1996) could be diluted from the enrichment cultures 
resulting in a low removal potential.  
Interestingly, the glycolate seemed to be mainly converted into carbon 
dioxide which was also predicted previously (Friedrich and Schink, 1993, 1995; 
Friedrich et al., 1991, 1996). Acetate, propionate or glyoxylate were not 
detected. These groups seemed to provide substrates for the hydrogenotrophic 
methanogenesis or the carbon dioxide is used to build up acetate by acetogens 
which could be further converted into methane by acetoclastic methanogens.  
The groups were genetically analyzed to find potential glycolate utilizing 
organisms within the reactor system. It could be observed that none of the 
groups were a pure culture at the end of the removal experiments. It is not clear 
whether all organisms were involved in the conversion of glycolate to carbon 
dioxide or just the DNA of the organisms persisted (Josephson et al., 1993; 
Masters et al., 1994). A preference of an organism within the groups could not 
been observed indicating that several organisms were capable to metabolize 
glycolate. Organisms with the T-RFs 196 bp, 209 bp, 220 bp, 229 bp, 231 bp 
and 250 bp seemed to be highly important for the glycolate removal concerning 
the abundance as a degree of activity. However, it is already known that this 
must not always be the case (Hunt et al., 2013). Except of the T-RF 209 bp, 
none of them had a high abundance in the biogas reactor (compare Figure 23). 
Interestingly, it showed no correlation with the glycolate feed. Additionally, the 
T-RF 220 bp showed a low abundance in the biogas reactor where mainly a 
negative correlation to the glycolate feed was observed. The T-RF 220 bp was 
mainly found in the stress and recovery phase where it showed a positive 
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correlation to acetate. This organism could be capable to metabolize glycolate 
but it is probably not its favoured substrate. The other T-RFs were not found 
previously.  
The data indicate that an enrichment of facultative anaerobic glycolate 
utilizing organisms seemed not to be promising. The found organisms had a low 
abundance in the biogas reactor or were even not detectable indicating that the 
glycolate utilization within the whole system was mainly performed by other 
organisms. These organisms were probably strictly anaerobic or could be 
enriched under changed conditions for example with a different media. 
Additionally, the isolation of a certain organism could be impossible due to 
syntrophic partners which could be needed.  
Interestingly, the found organisms should be facultative anaerobes due to 
the aerobic cultivation and the inoculation over several steps where dead cells 
and its DNA should be removed. However, also Anaerobaculum 4 was found in 
group 7, 9, 10 and 18. This organism is known to be strictly anaerob (Menes 
and Muxí, 2002). This indicates that this organism might have a certain 
tolerance against oxygen or the assignment within the clone library was not 
correct. The clone library was constructed on the basis of 16S-rRNA which is a 
highly conserved region within the bacterial domain. A similarity of the 
sequenced region within two organisms is not unusual. Therefore, they could 
have the same T-RF fragment size (Liu et al., 1997). The deposited sequences 
in the public databases are not peer reviewed meaning anyone can publish a 
sequence independent from quality (Drancourt et al., 2000; Patel, 2001). 
Furthermore, the level of sequence homology between the isolate and those in 
the databases to conclude on genus and species designation is a matter of 
debate (Clarridge, 2004).  
 
 
5.2.3 Pathway prediction 
As a final result, a metabolic map should be predicted. However, only a low 
amount of organisms could be assigned genetically which makes it nearly 
impossible to define their metabolic pathways. Additionally, the intermediates of 
the glycolate to methane conversion seemed to be rapidly removed from the 
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media. Therefore, only the main metabolic pathways were assigned in this 
chapter.  
Three different methanogenesis pathways are known: the hydrogenotrophic, 
the acetoclastic and the methylotrophic pathway. It was suggested that the 
hydrogenotrophic methanogenesis is performed if glycolate was used as 
substrate (Friedrich and Schink, 1993, 1995; Friedrich et al., 1991). However, a 
preference of a pathway in this system was not observed due to the fact both 
hydrogenotrophic and acetoclastic methanogens were found. Co-existence of 
hydrogenotrophic and acetoclastic methanogens seems to be important to 
respond to perturbation leading to stable running processes (Lerm et al., 2012). 
However, no concrete statement can be met concerning the preference of 
hydrogenotrophic or acetoclastic methanogens to certain conditions (Nettmann 
et al., 2008). The contributions of both pathways to the methane production is 
still highly variable (Castro et al., 2004; Chan et al., 2005; Conrad, 1999). The 
data of this study agreed with the statement, that the combination of 
hydrogenotrophic and acetoclastic methanogenesis seemed to stabilize the 
biogas formation.  
Due to the fact, that glyoxylate could be detected in some phases. It can be 
assumed that the glycolate to glyoxylate conversion occurs. It seemed that a 
disturbed system resulted in a glyoxylate accumulation.  
Acetate and propionate can be found also during phases where 
disturbances occur. It is unclear whether this metabolites were always been 
built up and just not detectable due to optimal process conditions or whether 
acetate and propionate building organisms came up due to the sub-optimal 
process conditions.  
Experiments with [1-14C]glycolate or [2-14C]glycolate and metabolomics 
could give information on the carbon flux within the reactor system and can be 





5.3 Further technical aspects  
Too low glycolate concentrations in the product stream of the algal 
compartment could be problematic for the biogas process. The low 
concentrations could lead to a dilution of the biomass which could not be 
regenerated due to the short retention times and/or the low carbon availability. 
Higher glycolate contents in the algal media could be achieved by its 
concentration. However, also salts and other substances would be increased in 
concentration. Salt toxicity has been studied in the biological field for several 
decades. High salt levels cause bacterial cells to dehydrate due to osmotic 
pressure (de Baere et al., 1984; Yerkes et al., 1997). An immobilisation could 
prevent the system from failing due to low glycolate concentrations. Cell 
aggregates like flocks or biofilms may shield organisms behind the diffusion 
barrier (Shen and Guiot, 1996). A further advantage could be that strictly 
anaerobic organisms would arrange in the middle of such aggregates, while the 
facultative anaerobic organisms would surround them leading to a consumption 
of oxygen at the outside (Kato et al., 1993; Rathnasiri, 2010; Shen and Guiot, 
1996). The survival of methanogens in flocks was already observed previously 
(Zitomer, 1998). Therefore, the de-oxygenation level of the feed media can be 
reduced. A further tool was described previously (Hansen et al., 1998). It was 
found that the methane yield in a biogas reactor could be increased by 
switching off the stirrer half an hour before and after substrate addition. The 
biomass retention was increased due the sedimentation of the cells resulting in 
a lower biomass concentration in the effluent. This method would be easy and 
cheap (Hansen et al., 1998) and it can be applied easily to our system. This 
method could function as passive cell retention. Furthermore, it could be applied 
in case the glycolate concentration in the substrate stream of the biogas 
compartment is too low and would cause a cell dilution.  
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Cytometric barcoding was suitable to monitor dynamic structural community 
changes (Koch et al., 2013b). The consortium reacted on altering bioreactor 
schemes. However, it had several degrees of adaption. Some environmental 
changes can be handled and others led to a complete failure of the system. The 
approach revealed technological parameters, like glycolate feed or pH of the 
feed or digestate influencing the methane yield and the production stability of 
the microbial consortium. High biogas yields, stable pH and community 
structure and moderate acid concentrations of acetate, propionate and 
glyoxylate were found for the suboptimal phase whereas the optimal phase is 
defined by additional zero acid concentrations. Perturbations were defined as 
crash state (low biogas yield and pH, high concentrations of organic acids and 
altered community) and stress state (low biogas yield, high pH and 
concentrations of organic acids and changed community). 
The data gained during this study could be used to define abiotic parameters 
for optimal process conditions. A glycolate feed of 1 g d-1 L-1 should not been 
exceeded while the pH in the media should not drop below 6.8. A preliminary 
optimal temperature of 37°C was defined.  
Different community structures could be defined which were responsible for 
a stable running system or system failures. This knowledge could be used to 
predict reactor behaviour and thus prevent system failures. For example 
indicates a decrease of the cell abundance in cluster 1 and an increase in 
cluster 2 and 3 an imbalance in the reactor system. The bacterial community 
was dominated by Planctomycetaceae, Bacteroidetes and Anaerobaculum 4, T-
RFs 67 bp, 82 bp and 209 bp varying depending on the environmental 
parameters. Planctomycetaceae, Bacteroidetes and Anaerobaculum 4 and the 
organism with the T-RF 82 bp seemed to be directly involved in the biogas 
formation. The organism with the T-RF 209 bp could be involved in the 
stabilization of the process, while the organisms with the T-RF 67 bp could be 
involved in the degradation of the dead cells. It could be concluded that both the 
hydrogenotrophic and acetoclastic archaea were important for the stability of 
the process, since the reactor has varying abundances of both groups in case 
of parameter shifts.  
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Although, the reactor was adapted to glycolate over several years, it showed a 
high diversity. It could be assumed that a high diversity is needed to cover 
variations in reactor parameters, like pH, to ensure a stable running system. 
These can be managed by a change in the composition of the communities and 
shared tasks of several organisms.  
For the process optimization, further experiments are necessary. Therefore, 
detailed knowledge of the community and its metabolic pathways are needed. 
The completion of the clone libraries could give further information on the tasks 
of community members. Additionally, as mentioned previously, studies with [1-
14C]glycolate or [2-14C]glycolate would be helpful to gain information on 
glycolate and carbon flux and thus give insights in potential pathways. The 
combination of cytometric data with cells´ genetic affiliation, abiotic parameters 
and statistic correlation approaches might be a huge step forward to the 
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Supporting Table 1: Equipment used in this study. 
 
Equipment Manufacturer 
5 L Fermenter (Glass) Braun, Germany 
ABI PRISM 3100 Genetic Analyzer  Applied Biosystems, USA 
Balance (Mettler Toledo AB204) VWR International GmbH, Germany 
CarboPlot P7 25 x 0.53 column  Shimadzu GmbH, Germany 
CellTrics® filter Partec, Germany 
Centrifuge (5804R) Eppendorf GmbH, Germany 
Centrifuge (mini spin) Eppendorf GmbH, Germany 
Electrophoresis apparatus (Power PAC 300) Bio-Rad Laboratories GmbH 
Fluorescent beads (0.5 µm Fluoresbrite carboxy Polysciences, USA 
Fluorescent beads (1 µm Polymer mirospheres Fisher Scientific GmbH, Germany 
Fluorescent beads (1 µm, blue FluoSpheres Molecular Probes, USA 
Fluorescent beads (2 µm, yellow-green Molecular Probes, USA 
Gas chromatograph (Chrompack CP 9001) Shimadzu GmbH, Germany 
Gas collection tube (350 ml) VWR International GmbH, Germany 
Gas syringe (Clexane 1 ml) Local pharmacy, Germany 
GeneMapper V3.7 software  Applied Biosystems, USA 
HPLC System (10AVP) Shimadzu GmbH, Germany 
Incubator (UM 500) Memmert GmbH & Co. KG 
Micro TCD 2045 Detector, Chrompack Shimadzu GmbH, Germany 
Microdismembrator Braun, Germany 
Milligascounter (MGC-1) Ritter GmbH, Germany 
MoFlo cell sorter  DakoCytomation, USA 
Optode (Microx TX3) PreSens Precision Sensing GmbH, Germany 
PCR Cycler (Mastercycler Gradient) Eppendorf GmbH, Germany 
pH meter (Knick Portamess 913) WTW GmbH, Germany 
Pump (101U) Watson-Marlow GmbH, Germany 
Rezex ROA-Organic Acid H+ (8%) 300 x 7.8 mm Phenomenex Ldt., Germany 
RID-10A Shimadzu GmbH, Germany 
Sequencher 4.8  Gene Codes Inc., USA 
Shaker (3032) Gesellschaft für Labortechnik mbH, Germany 
Sonicator (Sonorex Digitec) Bandelin electronic GmbH & Co. KG, Germany 
Spectral photometer (Ultraspec 100 pro) Amersham Biosciences Europe GmbH, Germany 
Stirrer (Modelcraft RB-35) Conrad, Germany 
Summit 3.1 Beckman-Coulter, USA 
Syringe filters (0.2 mm)  VWR International GmbH, Germany 
Time Switch (25750) REV-Ritter GmbH, Germany 




Supporting Table 2: Chemicals and kits used in this  study. 
 
Chemical Manufacturer 
4′,6-diamidino-2′-phenylindole  Sigma-Aldrich Chemie GmbH, Germany 
Acetic acid Carl Roth GmbH & Co. KG, Germany 
Agar-Agar Serva Electrophoresis GmbH, Germany 
Agarose Serva Electrophoresis GmbH, Germany 
Big Dye Terminator ready Reaction Cycle Applied Biosystems, USA 
CaCl2*2 H2O VWR International GmbH, Germany 
Calcium pantothenate VWR International GmbH, Germany 
Chelex resin Bio-Rad Laboratories GmbH 
Chloroform Carl Roth GmbH & Co. KG, Germany 
Citric acid Carl Roth GmbH & Co. KG, Germany 
CoCl2*6 H2O Merck KGaA, Germany 
CTAB  Carl Roth GmbH & Co. KG, Germany 
CuCl2*2 H2O Merck KGaA, Germany 
CutSmart buffer  New England Biolabs GmbH, Germany 
Cysteine-HCl * 1 H2O Merck KGaA, Germany 
D(+)-Biotin Serva Electrophoresis GmbH, Germany 
DNA ladder (1 kb Gene Ruler) Fermentas GmbH, Germany 
DNA loading buffer (6x) Fermentas GmbH, Germany 
dNTP-Mix  PEQLAB Biotechnologie GmbH, Germany 
EDTA Carl Roth GmbH & Co. KG, Germany 
Ethanol Carl Roth GmbH & Co. KG, Germany 
Ethidiumbromide Merck KGaA, Germany 
FeCl2*4H2O VWR International GmbH, Germany 
Folic acid Merck KGaA, Germany 
GeneScan-500 ROX  Applied Biosystems, USA 
Glycolic acid VWR International GmbH, Germany 
Glyoxylic acid Carl Roth GmbH & Co. KG, Germany 
H2SO4 Carl Roth GmbH & Co. KG, Germany 
H3BO3 Carl Roth GmbH & Co. KG, Germany 
HCl Carl Roth GmbH & Co. KG, Germany 
HiDi formamide Applied Biosystems, USA 
Isoamylalcohol Carl Roth GmbH & Co. KG, Germany 
Isopropanol  Carl Roth GmbH & Co. KG, Germany 
KCl Merck KGaA, Germany 
KH2PO4  Merck KGaA, Germany 
Lipoic acid Fluka Chemie GmbH, Germany 
Lysozyme  A&A Biotechnology, Poland 
MgCl2 (for PCR) PEQLAB Biotechnologie GmbH, Germany 
MgCl2*6 H2O VWR International GmbH, Germany 
MnCl2*4 H2O Ferak Berlin GmbH, Germany 
multi N/C 3100 Analytik Jena AG, Germany 
Na2HPO4   Merck KGaA, Germany 
Na2MoO4*2 H2O Merck KGaA, Germany 
NaCl Merck KGaA, Germany 
NaOH Carl Roth GmbH & Co. KG, Germany 
NH4Cl Merck KGaA, Germany 




Nicotinic acid Merck KGaA, Germany 
p-Aminobenzoic acid Serva Electrophoresis GmbH, Germany 
Paraformaldhyde  Serva Electrophoresis GmbH, Germany 
PCR Cloning kit Qiagen GmbH, Germany 
PCR reaction buffer PEQLAB Biotechnologie GmbH, Germany 
peqGOLD Taq-DNA-Polymerase PEQLAB Biotechnologie GmbH, Germany 
Phosphoric acid Carl Roth GmbH & Co. KG, Germany 
Primer MWG Biotech AG, Germany 
Propionic acid Carl Roth GmbH & Co. KG, Germany 
Proteinase K A&A Biotechnology, Poland 
Pyridoxine hydrochloride Serva Electrophoresis GmbH, Germany 
Pyruvate Merck KGaA, Germany 
Restriction enzyme HaeIII New England Biolabs GmbH, Germany 
Restriction enzyme XhoI New England Biolabs GmbH, Germany 
Sodium acetate  Carl Roth GmbH & Co. KG, Germany 
Sodium dithionite Merck KGaA, Germany 
SureClean kit  Bioline GmbH, Germany 
Thiamine-HCl*2 H2O Serva Electrophoresis GmbH, Germany 
Tris Carl Roth GmbH & Co. KG, Germany 
Tween 20 Carl Roth GmbH & Co. KG, Germany 
Vitamin B12 Sigma-Aldrich Chemie GmbH, Germany 
Water for molecular biology Eppendorf GmbH, Germany 
Zirconia/silica beads (0.5 mm) BioSpec Products, USA 





Supporting Table 3: Abiotic parameters.  BG – biogas; BGY – biogas yield; Glycolate – glycolate feed; 
HRT – hydraulic retention time; A – Acetate; P – Propionate; G – Glyoxylate; Rhythm 1 – Every 4.8 h (5 














[g d-1 L-1] 
HRT 













0 226.1 56.0 44.32 53.87 0.179 416.7 7.44 0.082 3 1 14.4 0.0 0.0 19.8 1003.36 
1 232.56 57.9 44.93 53.07 0.179 416.7 7.47 0.206 3 1 47.4 8.0 0.0 19.9 1003.36 
2 219.64 55.2 44.85 53.04 0.179 416.7 7.45 0.143 3 1 41.7 6.5 0.0 20.1 1009.57 
3 251.94 63.1 45.06 53.03 0.179 416.7 7.42 0.089 3 1 42.9 6.6 0.0 20.3 998.03 
4 248.71 62.3 44.75 53.05 0.179 416.7 7.72 0.102 3 1 50.8 9.6 0.0 20.1 996.54 





   
19.9 999.49 
6 251.94 63.6   0.179 416.7   3 1    20.0 1002.44 
7 248.71 62.8   0.179 416.7   3 1    19.8 1005.54 
8 268.09 67.5   0.179 416.7   3 1    20.2 1005.65 
9 239.02 60.4   0.179 416.7   3 1    20.4 1006.37 
10 251.94 63.4   0.179 416.7   3 1    20.3 993.36 





   
20.2 990.46 
12 239.02 60.2   0.179 416.7   3 1    20.5 987.21 
13 271.32 68.0   0.179 416.7   3 1    20.4 983.11 
14 251.94 63.3   0.179 416.7   3 1    20.5 993 
15 258.4 65.3   0.179 416.7   3 1    20.5 999 
16 258.4 65.8   0.179 416.7   3 1    20.5 1007 





   
20.0 1003.25 
18 262.79 65.6   0.179 416.7   3 1    20.3 1003.00 
19 270.16 67.2   0.179 416.7   3 1    21.0 1007.85 
20 303.62 75.4   0.179 416.7   3 1    19.6 1008.76 
21 316.54 77.8   0.179 416.7   3 1    19.5 1008.97 
22 300.39 73.5   0.179 416.7   3 1    20.4 1008.92 





   
20.3 1012.62 
24 190.57 46.5   0.179 416.7   3 1    22.3 1014.41 
25 229.33 55.5   0.179 416.7   3 1    22.1 1013.05 
26 284.24 75.8   0.179 416.7   3 1    23.0 1017.92 
27 184.24 49.0   0.179 416.7   3 1    23.5 1015.66 
28 179.2 45.3 44.38 52.97 0.179 416.7 7.46 0.145 3 1 0.0 0.0 0.0 23.5 1016.98 
29 230.4 57.8 43.62 53.72 0.179 416.7 7.86 0.192 3 1 0.0 0.0 36.1 21.6 1017.22 
30 243.2 61.0 43.81 53.14 0.179 416.7 7.58 0.090 3 1 0.0 0.0 0.0 19.8 1018.84 
31   44 53.66 0.179 416.7 7.52 0.216 3 1 0.0 0.0 0.0 23.2 1008.21 
32 198.2 49.1 43.92 53.15 0.179 416.7 7.54 0.143 3 1 0.0 0.0 0.0 26.5 1020.85 
33 259.2 63.7   0.179 416.7   3 1    25.9 1015.56 
34 240 59.0   0.179 416.7   3 1    24.2 1008.80 





   
24.6 999.05 
36 252.8 62.2   0.179 416.7   3 1    24.4 993.75 
37 249.6 61.5 41.08 51.98 0.179 416.7 7.64 0.157 3 1 0.0 0.0 0.0 23.8 979.11 
38 249.6 61.5   0.179 416.7   3 1    26.9 1000.44 
39 268.8 66.1   0.179 416.7   3 1    28.5 996.28 














[g d-1 L-1] 
HRT 













41 268.8 64.9   0.179 416.7   3 1     992.94 
42 233.6 57.4   0.179 416.7   3 1    20.0 1012.19 
43 275.2 67.2   0.179 416.7   3 1    20.9 1006.51 
44 281.6  42.52 53.54 0.179 416.7 7.46 0.119 3 1 0.0 0.0 30.2 20.9 1007.01 
45 208    0.179 416.7   3 1    22.9 997.90 
46 262.4    0.179 416.7   3 1    23.0 1001.40 
47 256    0.179 416.7   3 1    25.2 1001.20 
48 252.8    0.179 416.7   3 1    24.7 999.18 
49 236.8 57.8   0.179 416.7   3 1    24.6 1003.57 
50 252.8 61.5   0.179 416.7   3 1    24.1 998.08 
51   45.34 51.19 0.179 416.7 7.5 0.125 3 1 0.0 0.0 29.5 25.4 1004.95 
52 281.6 69.2   0.179 416.7   3 1    25.2 1004 
53 294.4 73.2 43.16 54.41 0.179 416.7 7.36 0.135 3 1 0.0 0.0 0.0 24.1 998 
54 288 71.2   0.179 416.7   3 1    27.8 1004.4 
55 220.8 54.4   0.179 416.7   3 1    29.0 996.6 
56 233.6 58.2 44.61 53.07 0.179 416.7 7.37 0.137 3 1 0.0 0.0 28.9 27.0 1006.8 
57 262.4 63.5   0.179 416.7   3 1    27.3 1002 
58 262.4 63.2 43.47 54.46 0.179 416.7 7.44 0.108 3 1 0.0 0.0 0.0   
59 233.6 57.3   0.179 416.7   3 1      
60 224 55.7 43.15 54.96 0.179 416.7 7.53 0.047 3 1 0.0 0.0 17.8   
61 214.4 53.0   0.179 416.7   3 1      
62 198.4 49.1   0.179 416.7   3 1      
63 256 64.1 43.62 53.02 0.179 416.7 7.77 0.047 3 1 0.0 0.0 36.4 27.3 1002 
64 243.2 60.6   0.179 416.7   3 1    27.5 998 
65 265.6 65.9 43.63 53.56 0.179 416.7 7.47 0.089 3 1 0.0 0.0 42.7 27.0 1000.6 
66 243.3 60.1   0.179 416.7   3 1    23.7 996 
67 275.2 67.8 43.14 54.18 0.179 416.7 7.72 0.132 3 1 0.0 0.0 35.1 23.8 1008.6 
68 208 50.8   0.179 416.7   3 1    23.9 1002 
69 265.5 65.3   0.179 416.7   3 1    24.7 1001 
70 252.8 69.9 43.51 54.2 0.179 416.7 7.47 0.116 3 1 0.0 0.0 23.0 25.0 1014.7 
71     0.179 416.7   3 1    29.9 1001 
72     0.179 416.7   3 1    31.1 1001.2 
73   43.92 53.86 0.179 416.7 7.74 0.142 3 1 0.0 0.0 32.0 26.5 1003.1 
74     0.179 416.7   3 1    25.631014 
75     0.179 416.7   3 1    26.921013.3 
76     0.179 416.7   3 1    27.341014.8 
77 3.2 0.8   0.179 416.7   3 1    25.471021 
78 1102.1 269.843.16 54.86 0.179 416.7 7.47 0.096 3 1 0.0 0.0 0.0 25.3 1015.5 
79 288 70.0   0.179 416.7 7.58 0.180 3 1 0.0 0.0 0.0 25.641012.7 
80 268.8 11.7   0.179 416.7 7.78 0.170 3 1 10.3 0.0 23.4 23.751002 
81 284.8 69.9   0.179 416.7 7.62 0.132 3 1 0.0 0.0 12.7 23.29997.2 
82 262.4    0.179 416.7   3 1    24.0 990.3 
83 268.8    0.179 416.7   3 1    25.161001.4 
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85 355.2    0.179 416.7   3 1 0.0 0.0 0.0 25.22991.2 
86 326.4    0.179 416.7 7.34 0.183 3 1 0.0 0.0 0.0 23.871073.6 
87 320    0.179 416.7   3 1    22.931316.3 
88 288    0.179 416.7 7.71 0.135 3 1 0.0 0.0 0.0 22.2 996 
89 259.2    0.179 416.7   3 1    22.59988.5 
90 275.2    0.179 416.7   3 1    22.67999 
91 326.4    0.179 416.7 7.72 0.091 3 1 0.0 0.0 0.0 23.32993.2 
92 256 62.1   0.179 416.7   3 1    21.70985.4 
93 265.6 64.8   0.179 416.7 7.29 0.135 3 1 0.0 0.0 0.0 22.9 983 
94 249.6 60.9   0.179 416.7   3 1    23.27176.8 
95 291.2 71.5   0.179 416.7   3 1 0.0 0.0 0.0 22.2 990 
96 326.4 79.4   0.179 416.7   3 1      
97 236.8 56.9   0.179 416.7   3 1      
98 288 70.4   0.179 416.7   3 1      
99 291.2 71.1   0.179 416.7   3 1      
100 288 69.9 38.79 50.86 0.179 416.7 7.45 0.124 3 1 0.0 0.0 0.0   
101 300.8 73.4   0.179 416.7   3 1 0.0 0.0 0.0   
102 297.6 72.1   0.179 416.7 7.64 0.124 3 1 0.0 0.0 0.0   
103 249.6 60.2   0.179 416.7   3 1      
104 249.6 61.3   0.179 416.7   3 1      
105 268.8 66.4   0.179 416.7   3 1      
106 292.1 71.8   0.179 416.7 7.24 0.158 3 1    24.0 985 
107 265.6 65.1 42.26 53.06 0.179 416.7   3 1 0.0 0.0 0.0 24.21990.9 
108 291.2 71.3   0.179 416.7   3 1    25.61995 
109 243.2 59.2   0.179 416.7   3 1 0.0 0.0 0.0 26.001002.9 
110 265.5 65.6   0.179 416.7   3 1    28.491002.1 
111 300.8 74.9   0.179 416.7   3 1    29.47993.7 
112 326.4 80.6   0.179 416.7 7.11 0.171 3 1    27.681004 
113 265.6 64.7   0.179 416.7   3 1    27.261002.1 
114 240 59.2   0.179 416.7 7.2 0.151 3 1 0.0 0.0 0.0 28.20998.3 
115 307.2 76.3   0.179 416.7   3 1    26.30998 
116 297.6 73.4   0.179 416.7   3 1    26.80992.9 
117 316.3 77.5   0.179 416.7   3 1    27.52990.7 
118 310.4 75.2   0.179 416.7   3 1    24.53998 
119 252.8 60.6   0.179 416.7 7.46 0.139 3 1 0.0 0.0 0.0 24.271003.2 
120 310.4 74.5   0.179 416.7   3 1 0.0 0.0 0.0 25.501002.9 
121 275.2 66.8   0.179 416.7 7.72 0.137 3 1    26.231001.2 
122 275.2 67.7   0.179 416.7   3 1    28.1 1007.2 
123 307.2 75.9   0.179 416.7   3 1    29.691006.9 
124 316.8 77.6   0.179 416.7   3 1    27.441014.8 
125 304 74.2   0.179 416.7   3 1    25.801016.3 
126 300.8 73.5   0.179 416.7   3 1    25.741007.2 
127 1270.4 59.3   0.930 120.5   3 1    26.1 994.6 
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129 1724.8 81.7   0.930 120.5 7.2 0.148 3 1 0.0 0.0 0.0 24.221008.7 
130 1676.8 79.7 37.89 58.24 0.930 120.5 7.08 0.143 3 1 17.5 0.0 0.0 24.211001 
131 1750.4 83.8   0.930 120.5   3 1    26.0 1001 
132 1731.2 82.3   0.930 120.5   3 1    27.62994.9 
133 1772.8 84.2 38.67 60.32 0.930 120.5 7.71 0.099 3 1 17.5 7.2 0.0 28.84988.3 
134 1891.2 90.4   0.930 120.5 7.01 0.163 3 1 28.1 8.2 0.0 29.98994 
135 1865.6 88.5 38.88 60.2 0.930 120.5 7.37 0.181 3 1 22.8 5.9 0.0 30.241006 
136 1846.4 86.8   0.930 120.5   3 1    28.251012.7 
137 1868.8 87.2 38.19 59.47 0.930 120.5 6.97 0.151 3 1 25.9 10.2 0.0 27.0 1012.7 
138 1840 86.9   0.930 120.5   3 1    28.751010.1 
139 1817.6 85.6   0.930 120.5   3 1    29.1 1007.5 
140 1779.2 83.4   0.930 120.5 7.29 0.180 3 1 9.7 8.7 4.9 27.0 1001.1 
141 1769.6 82.4   0.930 120.5   3 1    28.15999 
142 1772.8 83.7   0.930 120.5 7.36 0.152 3 1 9.4 7.0 0.0 23.1 1003 
143 1779.2 85.4   0.930 120.5   3 1 7.7 0.0 4.2 24.911003 
144 1772.8 84.2   0.930 120.5 7.07 0.169 3 1 7.8 8.8 0.0 22.47998.8 
145 1817.6 85.0   0.930 120.5   3 1    21.141001.1 
146 1907.2 91.0   0.930 120.5   3 1    21.41995.5 
147 1836.3 85.6   0.930 120.5   3 1    22.17997 
148 2652.8 124.8  0.930 120.5   3 1    21.971002.8 
149 902.4 42.6 33.39 65.68 0.930 120.5 7.45 0.229 3 1 6.0 0.0 0.0 22.13996.2 
150 1712 80.8   0.930 120.5   3 1    24.62995.1 
151 1792 84.5 37.42 57.74 0.930 120.5 7.73 0.182 3 1 11.8 0.0 15.7 26.54994 
152 1785 84.9   0.930 120.5   3 1    24.48999.3 
153 1904 89.2   0.930 120.5   3 1    25.13998.8 
154 1857.6 87.6 37.17 58.64 0.930 120.5 7.35 0.140 3 1 6.2 0.0 0.0 24.40991.2 
155 1840 87.0   0.930 120.5   3 1    25.60989 
156 1792 84.0 37.4 55.23 0.930 120.5 7.44 0.098 3 1 12.0 0.0 0.0 24.13997.4 
157 1750.4 82.1   0.930 120.5   3 1    21.881006 
158 1872 86.4   0.930 120.5 7.08 0.242 3 1 6.6 0.0 0.0 24.611005 
159 1788.8 82.9   0.930 120.5   3 1    28.271002 
160 1808 84.4   0.930 120.5   3 1    24.341009.1 
161 1763.5 83.0 39.5 59.4 0.930 120.5 6.98 0.214 3 1 7.0 0.0 0.0 29.0 1000.9 
162 1804.8 85.1   0.930 120.5   3 1    27.731006.3 
163 1779.2 83.2 36.39 55.34 0.930 120.5 7.11 0.188 3 1 5.9 0.0 0.0 25.211001 
164 1750.4 83.6   0.903 124.0   3 2    24.79999.2 
165 1772.8 84.7 39.6 58.92 0.903 124.0 7.42 0.204 3 2 12.5 0.0 0.0 26.311004 
166 1766.4 85.4   0.903 124.0   3 2    25.311008.6 
167 1827.2 87.2   0.903 124.0   3 2    27.571001.3 
168 1779.2 86.1   0.903 124.0   3 2    24.64998 
169 1811.2 86.9 39.43 59.58 0.903 124.0   3 2 23.6 0.0 0.0 26.281005.9 
170 1756.8 84.6   0.903 124.0   3 2    28.141004.4 
171 1670.4 80.9   0.903 124.0   3 2    26.841000.6 
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173 1692.8 81.3   0.903 124.0   3 2    30.371000.4 
174 1612.8 78.2   0.903 124.0   3 2    29.221003 
175 1590.4 78.2 40.21 58.55 0.903 124.0 6.91 0.197 3 2 13.9 0.0 1.5 27.641006.8 
176     0.903 124.0   3 2    26.671005 
177   39.93 59.26 0.903 124.0 6.84 0.253 3 2 15.7 0.0 0.0 28.371002 
178 1648 79.2   0.903 124.0   3 2 18.2 0.0 1.0 29.71998.8 
179 1718.4 83.8   0.903 124.0 7.08 0.199 3 2 18.5 0.0 0.0 29.43998 
180 1673.6 81.9   0.903 124.0   3 2    26.291000 
181 1686.4 83.2   0.903 124.0   3 2    29.23996 
182 1577.6 77.3 39.33 59.88 0.903 124.0 7.07 0.168 3 2 0.0 0.0 0.0 26.0 999.2 
183 1113.6 53.7   0.903 124.0   3 2    28.861000.6 
184 2358.4 112.3  0.903 124.0 7.09 0.194 3 2 15.1 0.0 0.0 27.16998.7 
185 1728 82.4   0.903 124.0   3 2    25.49999 
186 1814.4 85.9 39.8 59.63 0.903 124.0 7.35 0.156 3 2 29.2 0.0 0.0 22.56995.6 
187 1795.2 84.8   0.903 124.0   3 2    25.29989.7 
188 1718.4 81.6   0.903 124.0   3 2    24.97998 
189 1612.8 78.3   0.903 124.0 7.01 0.225 3 2 22.3 0.0 0.0 24.1 1008.6 
190 3228.8 78.2   1.806 124.0 0  3 2    23.611003.4 
191 3232 78.0 38.18 59.21 1.806 124.0 0  3 2 0.0 0.0 0.0 23.931002 
192 3312 78.6   1.806 124.0 0  3 2 16.7 0.0 0.0 25.75992.1 
193 3276.8 79.0 37.95 59.81 1.806 124.0 7.34 0.229 3 2 24.7 0.0 0.0 24.131001 
194 3209.6 77.7   1.806 124.0 0  3 2    24.0 1004.6 
195 3315.2 80.3   1.806 124.0 0  3 2    23.971012.7 
196 3321.6 80.8   1.806 124.0 6.97 0.244 3 2 27.7 0.0 0.0 26.701014.7 
197 3846.4 93.2   1.806 124.0 0  3 2    29.1 1007.2 
198 3350.4 81.3 37.34 59.67 1.806 124.0 6.82 0.280 3 2 15.9 0.0 0.0 31.421001 
199 3200 78.4   1.806 124.0 0  3 2    31.741003.4 
200 3196.8 78.7 37.77 59.26 1.806 124.0 8.28 0.304 3 2 22.0 0.0 0.0 32.981001.2 
201 2992 73.4   1.806 124.0 0  3 2    32.13995.5 
202 3068.8 74.9   1.806 124.0 0  3 2    30.63996.1 
203 3024 73.6   1.806 124.0 6.92 0.274 3 2 0.0 0.0 0.0 26.0 1003.1 
204 3068.8 74.2   1.806 124.0 0  3 2 0.0 0.0 0.0 26.971004.4 
205 3635.2 87.9   1.806 124.0 7.22 0.239 3 2 12.1 0.0 0.0 28.231004.7 
206 3340.8 81.7   1.806 124.0 0  3 2 9.9 0.0 0.0 31.28998.2 
207 3174.4 77.3   1.806 124.0 6.92 0.256 3 2 11.4 0.0 0.0 27.981003.1 
208 3180.8 77.0   1.806 124.0 0  3 2    27.9 1006 
209 3225.6 77.4   1.806 124.0 0  3 2    27.0 1004 
210 3312 39.2 38.21 59.38 3.612 124.0 7.07 0.360 3 2 0.0 0.0 0.0 26.8 1008 
211 5171.2 61.6 33.88 61.07 3.612 124.0 6.06 1.659 3 2 0.0 9.9 0.0 26.5 1003 
212 1820.8 21.7 37.89 58.63 3.612 124.0 6.85 0.560 3 2 16.3 13.5 0.0 25.9 1002 
213 419.2 5.0   3.612 124.0 6.46 0.396 3 2    25.211010 
214 675.2 8.1 41.24 55.77 3.612 124.0 6.91 0.266 3 2 24.6 17.8 0.0 24.1 1010.3 
215 4556.8 54.6   3.612 124.0 0  3 2    24.721009.1 
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217 320 3.9 42.93 52.04 3.612 124.0 6.75 0.219 3 2 33.0 11.3 0.0 25.591004.1 
218 438.4 5.3   3.612 124.0 0  3 2    27.1 1003 
219 2179.2 26.1 36.11 62.39 3.612 124.0 3.61  3 2 0.0 6.6 0.0 27.001002.5 
220 12.8 0.2   3.612 124.0 3.2  3 2 0.0 6.3 4.0 23.651002.9 
221 0 0.0   3.612 124.0 3.33  3 2 21.8 5.9 3.9 26.901009.3 
222 0 0.0   3.612 124.0 0  3 2    28.461008.2 
223 0 0.0   3.612 124.0 0  3 2    30.721006.5 
224 0 0.0 39.49 55.52 3.612 124.0 0  3 2 0.0 0.0 0.0 33.991003.2 
225 0 0.0   3.612 124.0 3.28  3 2 0.0 5.3 0.7 32.161004.7 
226 0 0.0   3.612 124.0 0  3 2 16.9 5.2 6.8 30.431001 
227 0 0.0   3.612 124.0 3.19  3 2    28.3 1002 
228 0 0.0   3.612 124.0 0  3 2 0.0 5.6 0.0 25.46994 
229 0 0.0   3.612 124.0 0  3 2    27.71995 
230 0 0.0   3.612 124.0 0  3 2    27.5 1003 
231 0 0.0   3.612 124.0 3.25  3 2 4.0 0.0 5.3 27.4 1006.2 
232 0    - -   3 1    27.431002.9 
233 220.8 28.5   0.341 470.4   3 1 35.8 16.2 0.0 31.021006.4 
234 412.8 53.4   0.341 470.4 6.96 0.631 3 1    31.701002.1 
235 521.6 67.4   0.341 470.4 7.26 0.517 3 1 65.6 32.5 0.0 27.151002.6 
236 467.2 60.5   0.341 470.4   3 1    28.991011.1 
237 409.6 52.9   0.341 470.4   3 1    30.161012.4 
238 435.2 55.9   0.341 470.4 6.97  3 1 38.9 40.2 0.0 30.261010 
239 364.8 46.5   0.341 470.4   3 1    25.801009 
240 243.2 31.4   0.341 470.4 7.8 0.181 3 1 33.4 28.1 0.0 23.651006 
241 240 31.2   0.341 470.4   3 1    23.741011.9 
242 284.8 37.1   0.341 470.4   3 1 19.4 8.0 0.0 22.901008.7 
243 297.6 38.2   0.341 470.4   3 1    26.391006.7 
244 233.6 30.3   0.341 470.4   3 1    27.291005 
245 348.8 44.3   0.341 470.4   3 1 0.0 0.0 0.0 29.591002 
246 224 28.5   0.341 470.4 6.97 0.146 3 1    29.85999 
247 252.8 32.1   0.341 470.4 7.23 0.152 3 1 0.0 0.0 0.0 29.9 999 
248 224 28.6   0.341 470.4   3 1    22.9 998.4 
249 208 26.8   0.341 470.4   3 1 0.0 0.0 0.0 23.3 1002 
250 246.4 31.7   0.341 470.4   3 1    23.1 999 
251 220.8 28.6   0.341 470.4   3 1    23.3 1002 
252 262.4 33.8   0.341 470.4 7.28 0.143 3 1 0.0 0.0 0.0 24.6 1004.1 
253 268.8 34.7   0.341 470.4   3 1    25.3 1000.4 
254 240 30.9   0.341 470.4   3 1    26.6 996.8 
255 284.8 36.4   0.341 470.4 7.21 0.104 3 1 0.0 0.0 0.0 24.5 1003 
256 220.8 28.4   0.341 470.4   3 1    24.0 1009.6 
257 262.4 33.5   0.341 470.4   3 1    22.8 1005.5 
258 208 26.8   0.341 470.4   3 1    24.2 996.7 
259 214.4 20.8   0.455 352.8 7.08 0.119 3 1 0.0 0.0 0.0 24.1 1005 
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261 604.8 58.7   0.455 352.8 7.15 0.156 3 1 0.0 0.0 0.0 24.9 989 
262 604.8 58.7   0.455 352.8   3 1    25.0 988 
263 614.4 59.3   0.455 352.8 6.98 0.103 3 1 0.0 0.0 0.0 25.0 995.3 
264 582.4 56.4   0.455 352.8   3 1    25.5 1005 
265 656 63.2   0.455 352.8   3 1    25.1 1001.1 
266 617.6 59.2   0.455 352.8 7.16 0.051 3 1 0.0 0.0 0.0 24.9 1008.8 
267 569.6 54.9   0.455 352.8   3 1    25.1 1003 
268 598.4 57.9   0.455 352.8 6.91 0.133 3 1 0.0 0.0 0.0 24.5 1002.1 
269 611.2 47.3 40.62 53.72 0.569 282.3   3 1    24.8 1000.6 
270 758.4 58.6   0.569 282.3 6.86 0.147 3 1 0.0 0.0 0.0 24.6 992.6 
271 768 59.4   0.569 282.3   3 1    24.0 997 
272 780.8 60.4   0.569 282.3   3 1    25.1 994.8 
273 758.4 59.2   0.569 282.3 7.33 0.096 3 1 0.0 0.0 0.0 24.3 1001.6 
274 710.4 55.6   0.569 282.3   3 1 0.0 0.0 0.0 24.4 1007 
275 1100.8 85.8   0.569 282.3 7.29 0.107 3 1 0.0 0.0 0.0 23.8 997 
276 1065.6 82.6   0.569 282.3   3 1    23.3 1001 
277 963.2 74.7   0.569 282.3 7.31 0.121 3 1 0.0 0.0 0.0 23.5 1001.4 
278 1008 77.6   0.569 282.3   3 1    23.1 994.7 
279 921.6 71.9   0.569 282.3   3 1    23.2 999.6 
280 960 74.9   0.569 282.3 6.91 0.110 3 1 0.0 0.0 0.0 22.7 991.4 
281 1014.4 78.2   0.569 282.3   3 1    23.3 988.6 
282 988.8 76.3   0.569 282.3   3 1    24.1 998 
283 832 63.3   0.569 282.3 6.84 0.172 3 1 0.0 0.0 0.0 23.9 1000.3 
284 668.8 51.4   0.569 282.3   3 1    24.3 1001.4 
285 982.4 75.7   0.569 282.3   3 1    24.8 1001.9 
286 1011.2 78.0   0.569 282.3   3 1    25.5 1005.4 
287 1030.4 78.9   0.569 282.3 7.15 0.184 3 1 0.0 0.0 0.0 25.8 1005.3 
288 902.4 58.5   0.683 235.2   3 1    24.4 1010 
289 1075.2 69.9   0.683 235.2 7.05 0.155 3 1 0.0 0.0 0.0 24.2 1013 
290     0.683 235.2   3 1    23.7 1006.6 
291     0.683 235.2 7.08 0.128 3 1 0.0 0.0 0.0 23.2 998.8 
292     0.683 235.2   3 1    22.8 999 
293     0.683 235.2   3 1    21.5 986.9 
294     0.683 235.2 7.07 0.138 3 1 0.0 0.0 0.0 21.5 1000.5 
295 1132.8 74.7   0.683 235.2   3 1    21.6 1000.9 
296 1184 78.0   0.683 235.2 7.17 0.071 3 1 0.0 0.0 0.0 21.7 988.8 
297 1260.8 82.9   0.683 235.2   3 1 0.0 0.0 0.0 22.2 990.9 
298 1232 80.6   0.683 235.2 6.95 0.142 3 1    21.8 976.8 
299 912 59.1   0.683 235.2   3 1    22.5 988.3 
300 2169.6 140.6  0.683 235.2   3 1    21.9 988.9 
301 1200 78.1   0.683 235.2 6.68 0.243 3 1 0.0 0.0 0.0 22.0 990.3 
302 1238.4 80.9   0.683 235.2   3 1    22.8 986 
303 1177.6 76.4   0.683 235.2   3 1    22.4 999.9 
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305 1068.8 69.6   0.683 235.2 6.43 0.168 3 1 0.0 0.0 0.0 22.5 1003.3 
306 1251.2 81.6   0.683 235.2   3 1    22.4 1003.8 
307 1225.6 79.2   0.683 235.2   3 1    22.5 992.8 
308 1244.8 80.4 38.57 60.3 0.683 235.2 7.21 0.132 3 1 0.0 0.0 0.0 22.9 996 
309 1244.8 80.0   0.683 235.2   3 1    23.0 1011 
310 1270.4 81.5   0.683 235.2   3 1    23.0 1018.9 
311 1196.8 76.3   0.683 235.2   3 1    22.3 1016.6 
312 1206.4 77.8   0.683 235.2   3 1    21.1 1010.2 
313 1273.6 82.8   0.683 235.2   3 1    21.5 1006.2 
314 1206.4 78.1   0.683 235.2   3 1    21.9 998.8 
315 1302.4 84.6   0.683 235.2   3 1 0.0 0.0 0.0 21.7 998 
316 1222.4 78.0   0.683 235.2 7.53 0.089 3 1    22.5 1004.4 
317 1209.6 77.6   0.683 235.2   3 1    21.9 1006.9 
318 1232 79.9   0.683 235.2   3 1    22.9 1003.1 
319 1174.4 76.1   0.683 235.2   3 1    23.1 1010 
320 1254.4 82.0   0.683 235.2   3 1    22.8 1005.4 
321 1296 84.4   0.683 235.2   3 1    22.1 1005.2 
322 1148.8 73.9   0.683 235.2 6.86 0.075 3 1 0.0 0.0 0.0 22.4 996.6 
323 1222.4 79.9   0.683 235.2   3 1    22.4 996.8 
324 1216 79.6   0.683 235.2 7.1 0.083 3 1 0.0 0.0 0.0 23.0 993 
325 1238.4 80.5   0.683 235.2   3 1    22.2 988.9 
326 1238.4 79.9   0.683 235.2   3 1    21.7 981 
327 1212.8 78.0   0.683 235.2   3 1    21.6 992.8 
328 1216 78.3   0.683 235.2   3 1    21.3 999 
329 1270.4 81.5   0.683 235.2 7.16 0.182 3 1 0.0 0.0 0.0 21.1 994 
330 1136 62.9   0.797 201.6   3 1    21.6 999 
331 1347.2 75.4   0.797 201.6 7.53 0.157 3 1 7.4 0.0 0.0 21.8 982.3 
332 1379.2 77.0   0.797 201.6   3 1    21.7 987.1 
333 1427.2 79.2   0.797 201.6 7.32 0.252 3 1 0.0 0.0 0.0 20.6 994.8 
334 1430.4 80.2   0.797 201.6   3 1    20.9 994.8 
335 1548.8 85.7   0.797 201.6   3 1    21.5 1006 
336 1504 83.1   0.797 201.6   3 1    20.3 997.4 
337 1571.2 85.8   0.797 201.6   3 1    21.2 988.3 
338 1481.6 81.8   0.797 201.6   3 1    21.1 1004.1 
339 1433.6 78.7   0.797 201.6 6.95 0.167 3 1 0.0 0.0 0.0 20.9 1005 
340     0.797 201.6   3 1    21.8 1000.8 
341     0.797 201.6   3 1    22.4 995 
342     0.797 201.6   3 1    21.3 989 
343     0.797 201.6   3 1    22.2 992.9 
344     0.797 201.6   3 1    23.4 993 
345 1417.6 79.2 39.48 59.65 0.797 201.6 6.96 0.067 3 1 0.0 0.0 0.0 22.5 998 
346 1427.2 80.2   0.797 201.6   3 1    22.7 1008.3 
347 1459.2 82.1   0.797 201.6 6.98 0.205 3 1 0.0 0.0 0.0 22.9 1006.8 
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349 1491.2 83.8   0.797 201.6   3 1    20.7 1003.5 
350 1452.8 81.7   0.797 201.6 7.24 0.223 3 1 0.0 0.0 0.0 21.0 990.8 
351 1459.2 81.6   0.797 201.6   3 1    22.2 994.6 
352 1356.8 75.7 38.61 60.3 0.797 201.6   3 1 0.0 0.0 0.0 23.3 986.3 
353 1417.6 78.2   0.797 201.6   3 1    22.5 994 
354 1398.4 77.8   0.797 201.6 6.85 0.225 3 1 0.0 0.0 0.0 23.1 991.1 
355 1360 76.2   0.797 201.6   3 1    22.3 1014 
356 1388.8 77.9   0.797 201.6   3 1    21.7 1005.1 
357 1427.2 79.5   0.797 201.6 6.95 0.273 3 1    22.4 1000.1 
358 1420.8 78.5   0.797 201.6   3 1    22.5 1000.6 
359 1420.8 78.6   0.797 201.6 7.2 0.253 3 1 0.0 0.0 0.0 22.2 990.4 
360 1395.2 77.5   0.797 201.6   3 1    22.4 1005.4 
361 1414.4 78.6   0.797 201.6 7.11 0.283 3 1 0.0 0.0 0.0 22.4 1011.5 
362 1465.6 80.9   0.797 201.6   3 1    22.7 1014.4 
363 1459.2 80.5   0.797 201.6   3 1    22.1 1012.3 
364 1462.4 80.5   0.797 201.6 7.03 0.237 3 1 0.0 0.0 0.0 21.6 1008.8 
365 1427.2 78.8   0.797 201.6   3 1    22.8 1013.2 
366 1120 62.0   0.797 201.6 7.24 0.310 3 3 0.0 0.0 0.0 22.9 1008.1 
367 1196.8 66.6   0.797 201.6 7.69 0.252 3 3 0.0 0.0 0.0 22.5 1004.6 
368 1347.2 75.3 39.77 59.33 0.797 201.6 6.86 0.304 3 3 0.0 0.0 0.0 23.0 994.8 
369 1417.6 79.1   0.797 201.6   3 3    22.4 1001 
370 1465.6 81.0   0.797 201.6   3 3    20.9 1003.3 
371 1350.4 74.8   0.797 201.6 6.79 0.455 3 3 0.0 0.0 0.0 20.8 1004.3 
372 1414.4 78.2   0.797 201.6   3 3    21.8 1000.1 
373 1440 79.1   0.797 201.6 0  3 3 0.0 0.0 0.0 22.4 994.8 
374 1392 76.7   0.797 201.6   3 3    22.2 994.7 
375 1446.4 79.4   0.797 201.6 7.22 0.278 3 3 0.0 0.0 0.0 22.2 999.8 
376 1462.4 80.3   0.797 201.6   3 3    21.6 998.1 
377 1363.2 75.8   0.797 201.6   3 3    21.0 989 
378 1475.2 81.2   0.797 201.6 6.87 0.305 3 3 0.0 0.0 0.0 20.5 986.3 
379 1491.2 81.1   0.797 201.6   3 3    21.3 987 
380 1468.8 79.9   0.797 201.6 7.44 0.331 3 3 0.0 0.0 0.0 22.4 994 
381 1427.2 78.5   0.797 201.6   3 3    22.3 996 
382 1411.2 78.0   0.797 201.6 6.92 0.313 3 3 0.0 0.0 0.0 21.6 999.1 
383 1424 79.7   0.797 201.6   3 3    22.8 1007.6 
384 1456 81.1   0.797 201.6   3 3    21.1 1000 
385 1510.4 83.4   0.797 201.6 6.79 0.443 3 3 0.0 0.0 0.0 22.0 993.2 
386 1430.4 79.3   0.797 201.6   3 3    23.4 1000.4 
387 1404.8 78.6   0.797 201.6 6.87 0.347 3 3 0.0 0.0 0.0 22.3 995 
388 1320 74.0   0.797 201.6   3 3    23.1 990.8 
389     0.797 201.6 6.75 0.333 3 3 3.0 0.0 0.0 23.5 996.2 
390 1449.6 81.5   0.797 201.6   3 3    23.3 990.8 
391 1510.4 85.2   0.797 201.6   3 3    21.5 984.9 
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393 1568 86.9   0.797 201.6   3 3    22.3 990.2 
394 1500.8 83.9   0.797 201.6   3 3    23.6 982.8 
395 1391 77.8   0.797 201.6   3 3    24.2 985.3 
396 1571.2 87.5   0.797 201.6 6.74 0.656 3 3 0.0 0.0 0.0 23.3 993.3 
397 1536 85.5   0.797 201.6   3 3    23.0 996.7 
398 1491.2 83.0   0.797 201.6   3 3    20.9 1002.7 
399 1449.6 81.1   0.797 201.6 7.33 0.374 3 3 0.0 0.0 0.0 22.2 1001.9 
400 1286.4 72.7   0.797 201.6   3 3    22.8 994.9 
401 1427.2 80.9   0.797 201.6   3 3    22.1 997 
402 1462.4 82.4   0.797 201.6   3 3    23.1 1009.1 
403 1462.4 82.0   0.797 201.6 6.86 0.404 3 3 0.0 0.0 0.0 22.4 1009.6 
404 1436.8 80.6   0.797 201.6   3 3    22.4 1004 
405 1481.6 83.1   0.797 201.6   3 3    21.4 1009 
406 1449.6 81.0   0.797 201.6 7.38 0.403 3 3 0.0 13.1 0.0 21.0 1010.1 
407 1494.4 82.7 39.52 59.25 0.797 201.6   3 3    22.1 1008.6 
408 1408 77.0   0.797 201.6 6.62 0.677 7 3 0.0 8.2 0.0 22.2 997 
409 860.8 47.3   0.797 201.6   7 3    22.5 1006.9 
410 697.6 38.4 47.9 48.54 0.797 201.6 7.69 0.161 7 3 22.3 16.9 0.0 22.7 1008 
411 832 45.9   0.797 201.6   7 3    22.6 1003.1 
412 854.4 46.9   0.797 201.6   7 3    21.1 997.3 
413 793.6 43.8 60.85 38.18 0.797 201.6 8.03 0.135 7 3 23.6 0.0 0.0 21.0 997 
414 761.6 41.9   0.797 201.6   7 3    21.8 1004.9 
415 700.8 38.6   0.797 201.6 8.24 0.159 7 3 30.9 0.0 0.0 21.6 1015.3 
416 691.2 38.2   0.797 201.6   7 3    21.2 1016.8 
417 707.2 39.3   0.797 201.6 8.19 0.136 7 3 69.7 0.0 0.0 22.0 1012.7 
418 608 33.7   0.797 201.6   7 3    21.8 1008 
419 748.8 41.3   0.797 201.6   7 3    22.6 1010.4 
420 1171.2 63.9   0.797 201.6 8.27 0.168 7 3 177.5 54.5 0.0 21.8 1007.2 
421 835.2 45.7   0.797 201.6   7 3    23.3 1009.1 
422 787.2 43.2   0.797 201.6 8.44 0.128 7 3 169.1 38.2 94.4 23.4 999.3 
423 720 40.0 73.08 25.19 0.797 201.6   7 3    24.6 992.3 
424 716.8 40.1   0.797 201.6 8.4 0.127 7 3 181.0 15.9 85.1 22.6 989.1 
425 688 38.6   0.797 201.6   7 3    22.1 991 
426 649.6 36.4   0.797 201.6   7 3    21.4 990.8 
427 595.2 33.1   0.797 201.6 8.55 0.141 7 3 60.1 0.0 0.0 21.5 985.4 
428 560 61.9   0.398 201.6   3 3    21.9 992.9 
429 572.8 63.3   0.398 201.6   3 3    22.8 990.9 
430 678.4 74.9 69.89 29.18 0.398 201.6 8.34 0.122 3 3 32.3 13.5 0.0 22.6 991.1 
431 678.4 75.0   0.398 201.6   3 3    22.9 996.3 
432 640 70.5   0.398 201.6   3 3    22.6 1001.9 
433 585.6 64.9   0.398 201.6   3 3    23.7 1002.4 
434 601.6 66.1   0.398 201.6   3 3    23.1 994.1 
435 579.2 64.2   0.398 201.6 8.17 0.125 3 3 44.2 0.0 0.0 22.7 983.3 
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437 713.6 79.2   0.398 201.6   3 3    24.0 993 
438 834 92.3 48.67 50.28 0.398 201.6 8.07 0.114 3 3 52.7 0.0 0.0 23.0 1003 
439 858.3 95.9   0.398 201.6   3 3    22.2 1006 
440 620.8 68.9   0.398 201.6   3 3    22.6 1009.6 
441 659.2 72.3   0.398 201.6 8.43 0.088 3 3 59.4 0.0 0.0 22.3 1007.7 
442 662.4 72.4   0.398 201.6   3 3    23.6 1004.6 
443 627.2 68.9   0.398 201.6 8.35 0.105 3 3 62.0 0.0 0.0 24.1 1000.9 
444 646.4 70.8 45.5 53.04 0.398 201.6   3 3    23.9 999.3 
445 659.2 72.2   0.398 201.6 8.26 0.107 3 3 57.6 0.0 0.0 23.6 997.1 
446 604.8 66.9   0.398 201.6   3 3    21.3 991 
447 604.8 67.4   0.398 201.6   3 3    23.0 993 
448 662.4 73.2   0.398 201.6 8.29 0.094 3 3 53.5 0.0 48.8 22.1 996.6 
449 649.6 72.0   0.398 201.6   3 3    25.0 997.2 
450 633.6 70.1   0.398 201.6 8.5 0.096 3 3 58.2 0.0 0.0 23.2 1000.4 
451 691.2 75.6   0.398 201.6   3 3    22.2 1002.7 
452 614.4 67.7 45.02 53.45 0.398 201.6 8.5 0.101 3 3 54.9 0.0 0.0 22.6 1000 
453 588.8 65.8   0.398 201.6   3 3    22.4 996 
454 649.6 72.1   0.398 201.6   3 3    21.3 1002.4 
455 646.4 71.2   0.398 201.6 8.21 0.102 3 3 47.7 0.0 0.0 24.9 1008.2 
456 611.2 67.4   0.398 201.6   3 3    25.8 998 
457 592 66.1   0.398 201.6 8.4 0.094 3 3 36.2 0.0 0.0 24.5 991.1 
458 611.2 68.1   0.398 201.6   3 3    23.2 992.1 
459 694.4 75.7   0.398 201.6 8.32 0.093 3 3 37.5 0.0 0.0 23.5 989 
460 633.6 69.7   0.398 201.6   3 3    23.7 990.4 
461 582.4 64.6   0.398 201.6   3 3    24.3 1002 
462 604.8 67.0   0.398 201.6 8.16 0.092 3 3 0.0 0.0 54.5 25.1 1012.6 
463 592 66.1   0.398 201.6   3 3    26.2 1007.5 
464 604.8 67.6   0.398 201.6   3 3    25.0 1005.9 
465 611.2 68.1   0.398 201.6 8.72 0.159 3 3 0.0 0.0 174.2 26.6 1009.6 
466 598.4 66.2   0.398 201.6   3 3    26.9 999.4 
467     0.398 201.6   3 3    27.0 1007.3 
468     0.398 201.6   3 3    25.2 1015 
469 604.16 66.9   0.398 201.6 7.93 0.151 3 3 0.0 0.0 223.0 24.7 1006.7 
470 604.8 66.8   0.398 201.6   3 3    25.6 1002 
471 560 61.8   0.398 201.6 8.04 0.116 3 3 0.0 0.0 0.0 26.0 1005.4 
472 611.2 67.4   0.398 201.6   3 3    24.9 1012.9 
473 636.8 70.1   0.398 201.6   3 3    24.8 1011 
474 662.4 73.2   0.398 201.6   3 3    26.8 995.9 
475 617.6 67.9   0.398 201.6   3 3    23.6 994 
476 1219.2 89.6   0.597 201.6 8 0.137 3 3 0.0 0.0 231.7 23.5 1002.5 
477 1497.6 110.3  0.597 201.6   3 3    24.1 1002.6 
478 1107.2 80.3 39.14 58.17 0.597 201.6 7.96 0.122 3 3 0.0 0.0 0.0 23.6 1009 
479 1030.4 74.4   0.597 201.6   3 3    23.7 1010.4 
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481 1020.8 75.6   0.597 201.6   3 3    24.9 1004 
482 1017.6 74.9   0.597 201.6   3 3    24.1 1003.4 
483 1004.8 74.5   0.597 201.6   3 3    25.7 1010.1 
484 1081.6 80.2   0.597 201.6 7.9 0.122 3 3 27.2 0.0 74.2 25.5 1006.9 
485 1017.6 74.4   0.597 201.6   3 3    24.8 1002 
486 1030.4 75.4   0.597 201.6   3 3    24.5 1000.9 
487     0.597 201.6 7.95 0.115 3 3 0.0 0.0 0.0 25.1 1001.3 
488     0.597 201.6   3 3    24.7 998.4 
489     0.597 201.6   3 3    24.4 1001 
490     0.597 201.6 8.03 0.127 3 3 0.0 0.0 0.0 24.5 997 
491 1062.4 77.4   0.597 201.6   3 3    25.1 1001.3 
492 886.4 64.1   0.597 201.6 8.07 0.130 3 3    23.4 998 
493 1020.8 74.5   0.597 201.6   3 3    25.4 989.6 
494 1004.8 73.5   0.597 201.6 8.09 0.120 3 3 24.8 0.0 70.8 25.4 984.8 
495 963.2 70.6   0.597 201.6   3 3    25.1 985 
496 966.4 71.6   0.597 201.6   3 3    20.7 994.4 
497 998.4 74.3   0.597 201.6 8.08 0.117 3 3 22.9 0.0 70.2 22.5 994 
498 995.2 73.6   0.597 201.6   3 3    20.7 996 
499 1004.8 74.6   0.597 201.6 8.03 0.095 3 3 22.4 0.0 0.0 20.9 996.6 
500 1008 74.8   0.597 201.6   3 3    24.2 992.8 
501 1043.2 77.1   0.597 201.6 8.07 0.095 3 3 21.1 0.0 0.0 24.6 994.9 
502 1062.4 77.8   0.597 201.6   3 3    23.0 997.8 
503 995.2 72.3   0.597 201.6   3 3    23.9 996 
504 963.2 70.7   0.597 201.6 8.11 0.138 3 3 0.0 0.0 0.0 22.9 989 
505 960 70.6 42.33 55.8 0.597 201.6   3 3    24.3 993.9 
506 998.4 73.6   0.597 201.6 8.35 0.116 3 3 0.0 0.0 0.0 24.8 991.2 
507 950.4 69.6   0.597 201.6   3 3    25.6 986.2 
508 1001.6 73.6   0.597 201.6 8.53 0.088 3 3 23.5 0.0 0.0 24.5 992.5 
509 972.8 70.9   0.597 201.6   3 3    22.3 987.4 
510 966.4 70.6   0.597 201.6   3 3    23.5 993.3 
511 953.6 70.0   0.597 201.6 8.38 0.116 3 3 6.8 0.0 0.0 22.8 1001.4 
512 998.4 72.7   0.597 201.6   3 3    23.8 1009 
513 1024 74.0   0.597 201.6 8.44 0.108 3 3 4.7 0.0 0.0 24.8 1007 
514 976 70.3   0.597 201.6   3 3    23.6 1007 
515 889.6 65.1   0.597 201.6 8.53 0.104 3 3 9.6 0.0 0.0 24.6 1009 
516 1014.4 73.9   0.597 201.6   3 3    25.2 1007 
517 988.8 72.4   0.597 201.6   3 3    26.8 1002.7 
518 896 65.8   0.597 201.6 8.24 0.105 3 3 6.2 0.0 0.0 27.1 997 
519 912 66.7   0.597 201.6   3 3    24.1 997 
520 918.4 68.3   0.597 201.6 8.6 0.095 3 3 4.2 0.0 0.0 25.5 1003 
521 950.4 69.9   0.597 201.6   3 3    25.8 1006 
522 937.6 69.1   0.597 201.6 8.65 0.087 3 3 4.5 0.0 0.0 26.7 1002.8 
523 985.6 72.1   0.597 201.6   3 3    26.8 1006.8 
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Supporting Table 4: Raw data for the glycolate remov al rates at 37°C.  
 
Time [d] Glycolate [g d-1 L-1] Removal rate [mg h-1 L-1] 
119 0.179 9.085 
120 0.179 5.812 
178 0.903 71.716 
179 0.903 67.571 
193 1.806 161.059 
253 0.341 24.458 
262 0.445 28.940 
288 0.683 44.162 
329 0.683 41.285 
406 0.797 52.053 
471 0.398 31.582 




Supporting Table 5: Raw data for the experiments to determine the puffer capacity. 
 
day 793 day 843 
Measurement 1 Measurement 2 Measurement 1 Measurement 2 
pH Glycolate [g L-1] pH Glycolate [g L-1] pH Glycolate [g L-1] pH Glycolate [g L-1] 
7 0 6.8 0 6.14 0 6.02 0 
6.55 0.452 6.52 0.364 6.14 0.018 5.87 0.086 
6.24 0.812 6.18 0.716 6.14 0.054 5.5 0.304 
5.94 1.106 5.87 0.958 5.3 0.44 4.8 0.668 
5.81 1.218 5.76 1.098 4.98 0.602 4.7 0.748 
5.41 1.434 5.33 1.328 4.74 0.762 4.4 0.986 
5.21 1.532 5.19 1.458 4.35 1.062 3.97 1.57 
4.86 1.69 4.77 1.7 4.21 1.212 3.57 2.924 
4.49 2.004 4.32 1.95 3.95 1.606 3.35 4.69 
4.3 2.276 4.25 2.286 3.81 1.956 3.15 6.808 
4.11 2.36 4.13 2.348 3.76 2.296 3.04 9.002 
4 2.792 3.98 2.66 3.65 4.662 2.9 12.84 
3.92 3.102 3.91 3.052 3.45 7.814 
3.85 3.432 3.79 3.396 3.38 10.304 
3.73 4.164 3.72 6.208 3.26 13.268 
3.54 5.908 3.56 7.346 3.09 17.632 
3.36 8.432 3.33 10.148 2.99 21.784 
3.29 9.756 3.29 11.398 2.89 28.566 
3.22 11.302 3.19 12.81 
3.12 13.954 3.11 17.02 
3.07 15.838 3.01 20.224 
3 18.522 2.98 21.836 





Supporting Table 6: Raw data of the glycolate remova l experiments at pH 4 – 8. 
 
 Glycolate removal [%] 
pH 4 -3.59% 17.33% 14.64% 
pH 5 23.10% 28.95% 14.04% 
pH 6 77.44% 67.83% 73.87% 
pH 7 35.60% 48.75% 27.16% 




Supporting Table 7: Raw data for the glycolate remo val experiments at pH 3 (day 174) and 
pH 7 (day 196). 
 
Day 174 Day 196 
Time [h] c [mM] Time [h] c [mM] 
-0.02 0.00 -1.83 0.16 
0.02 1.43 -1.68 0.00 
0.17 1.49 -1.47 0.10 
0.38 1.29 -1.37 0.03 
0.68 0.88 -0.95 0.00 
1.07 0.37 -0.68 0.00 
1.42 0.08 -0.37 0.04 
1.78 0.04 -0.02 0.00 
2.07 0.02 0.02 1.23 
2.38 0.01 0.33 1.37 
2.42 1.34 0.57 1.47 
3.03 1.00 0.78 1.27 















Supporting Table 8: Raw data of the biogas producti on rates at room temperature. 
 
Glycolate feed  
[g d-1 L-1] 
Biogas production mean  
[ml] 
Biogas production standard deviation  
[ml] 
0.071 7.266 9.068 
0.095 4.945 16.218 
0.118 18.745 14.151 
0.143 62.951 21.988 
0.239 53.107 10.004 
0.296 62.400 37.677 
0.444 131.926 53.600 




Supporting Table 9: Relative cell abundances within  the sub-communities in percent. 
 
Time 
[d] R1 R2 R3 R4 R5 R6 R8 R9 R10 R15 R16 R17 R20 R21 R22 R25 R26 R27 
0 23.8 8.2 1.7 7.5 1.0 0.5 4.4 2.0 0.4 5.7 1.3 1.8 1.4 1.9 1.9 6.5 2.4 3.2 
1 23.0 8.5 2.0 7.4 0.8 0.6 4.0 2.3 0.5 5.8 1.2 1.5 1.3 2.0 1.9 6.8 3.0 3.0 
2 20.3 7.5 1.8 7.1 2.0 0.6 3.6 1.7 0.5 6.2 1.1 1.9 1.2 1.8 2.1 8.7 4.1 2.8 
3 23.3 8.3 1.6 6.7 0.8 0.4 4.0 1.7 0.4 5.4 1.2 2.0 1.3 2.1 1.8 6.5 2.8 3.0 
4 21.6 7.4 1.4 7.5 0.9 0.3 4.0 1.8 0.3 6.2 1.2 1.8 1.4 2.2 2.1 7.9 2.3 3.2 
28 18.6 5.7 1.3 7.9 1.0 0.3 8.0 1.8 0.3 7.0 1.0 1.4 1.1 1.7 4.5 12.0 2.0 11.9 
29 24.1 8.7 1.6 9.2 0.5 0.4 5.8 1.5 0.4 7.5 0.8 1.0 0.9 2.2 3.0 11.2 5.2 4.0 
30 21.8 7.5 1.9 8.5 1.2 0.5 4.9 2.5 0.4 6.4 1.4 1.7 1.4 2.1 2.2 7.5 2.4 3.8 
31 22.0 7.0 1.5 8.6 0.8 0.4 4.8 1.9 0.4 7.0 1.1 1.4 1.2 2.1 2.3 8.9 2.4 4.3 
32 21.6 7.8 1.9 9.1 1.2 0.5 4.8 2.1 0.4 6.3 1.2 1.7 1.3 2.1 2.0 6.6 2.4 3.5 
37 19.0 8.7 2.1 9.5 1.1 0.5 3.5 2.9 0.5 7.6 1.7 1.7 1.8 2.2 2.1 7.7 3.3 2.4 
44 20.8 7.4 1.6 8.1 1.4 0.4 5.2 2.0 0.3 6.6 1.3 1.7 1.4 1.7 2.4 8.0 2.6 3.4 
56 19.7 8.6 2.3 7.9 1.8 0.6 5.0 3.1 0.5 6.4 1.7 2.1 1.7 1.5 2.8 7.0 2.9 3.0 
58 17.7 7.4 1.6 12.6 1.1 0.4 4.4 1.5 0.4 11.5 1.2 1.5 1.2 2.0 5.7 11.7 3.3 4.3 
60 17.5 6.9 1.4 12.1 1.6 0.3 6.0 1.6 0.3 10.9 1.2 1.6 1.3 1.9 5.5 11.3 3.3 4.3 
63 17.0 6.9 1.6 13.2 1.0 0.4 4.6 1.6 0.4 13.6 1.0 1.3 1.1 2.0 7.5 14.1 3.6 5.2 
65 21.3 8.1 1.6 10.5 1.3 0.4 4.6 1.5 0.3 7.9 1.1 1.6 1.1 1.6 2.5 7.7 2.6 3.2 
67 22.2 9.2 1.6 11.2 1.4 0.4 5.3 1.3 0.3 10.3 1.1 1.5 1.1 2.1 3.0 7.6 3.1 3.0 
70 21.6 8.6 1.4 12.6 0.9 0.3 5.6 1.2 0.3 11.9 0.9 1.1 0.9 2.1 3.6 9.0 2.9 3.5 
73 19.7 6.5 1.3 7.3 1.6 0.3 17.2 1.2 0.2 4.8 1.0 1.3 1.1 2.0 1.9 5.0 4.3 3.8 
78 28.0 6.6 1.0 5.5 0.4 0.3 22.6 0.9 0.3 4.5 0.4 0.6 0.5 2.0 2.0 7.1 3.8 5.4 
79 26.1 6.8 1.2 6.7 0.6 0.3 18.7 1.0 0.3 5.2 0.6 0.8 0.6 2.0 2.1 7.2 3.3 5.0 
80 22.9 6.8 1.2 7.2 1.2 0.3 16.3 1.5 0.3 5.2 1.0 1.4 1.2 1.9 2.1 6.4 3.2 4.4 
81 24.7 5.9 1.0 6.2 0.7 0.2 21.6 1.1 0.3 4.7 0.7 0.9 0.7 1.9 2.0 7.0 3.5 5.4 
86 21.9 8.9 1.7 11.3 0.9 0.4 7.0 1.7 0.4 9.4 1.1 1.3 1.2 1.4 3.9 12.2 3.3 4.7 
88 22.7 9.4 2.1 7.3 1.3 0.5 7.6 2.3 0.5 8.5 1.4 1.3 1.5 1.7 3.7 11.4 2.6 4.7 
91 19.7 9.1 2.0 11.0 1.1 0.4 6.2 2.7 0.5 9.3 1.6 1.7 1.6 1.3 3.6 10.9 3.2 4.1 
92 16.0 8.5 2.6 8.1 2.5 0.6 3.3 4.8 0.7 7.2 3.1 3.3 3.0 1.0 2.3 5.2 2.3 2.0 
93 16.6 9.6 2.7 8.3 1.2 0.7 3.5 4.2 0.9 7.1 2.5 2.4 2.5 1.5 2.2 6.5 3.6 2.2 
96 25.9 16.8 6.3 4.6 1.1 2.4 2.9 3.9 2.6 4.4 0.9 0.8 1.0 1.8 2.0 5.4 5.9 2.3 
112 19.2 8.1 2.0 9.3 2.2 0.4 5.5 3.1 0.5 7.3 2.1 2.4 2.2 0.9 2.8 6.7 2.4 3.1 
114 20.3 8.5 2.1 8.4 1.8 0.5 4.8 3.5 0.5 7.0 2.2 2.5 2.3 0.7 2.9 7.0 2.1 3.1 
119 18.1 8.9 2.2 10.4 1.2 0.5 4.3 3.3 0.6 8.9 2.2 2.1 2.2 1.2 2.8 6.8 3.3 2.7 
121 19.1 8.1 2.2 8.6 2.2 0.5 4.4 3.9 0.6 6.7 2.5 2.8 2.6 0.8 2.6 6.0 2.2 2.6 
128 19.5 8.2 2.1 8.1 2.1 0.5 5.1 3.5 0.5 6.8 2.2 2.5 2.3 1.0 2.8 7.1 2.4 3.1 
130 27.0 9.2 1.7 7.1 0.4 0.4 6.1 1.6 0.4 8.2 0.7 0.6 0.7 1.4 3.9 14.4 3.1 5.2 
133 26.0 10.4 2.1 10.5 0.6 0.6 6.3 2.2 0.6 8.5 0.9 0.9 0.8 1.6 3.6 11.8 3.2 4.5 
135 18.8 9.2 2.7 9.7 1.4 0.6 4.6 4.3 0.9 8.1 2.1 2.0 2.0 1.3 2.8 7.5 2.7 2.9 
137 18.8 9.2 2.7 9.7 1.4 0.6 4.6 4.3 0.9 8.1 2.1 2.0 2.0 1.3 2.8 7.5 2.7 2.9 
142 16.5 8.9 2.4 11.2 1.1 0.6 3.6 3.2 0.7 9.3 2.1 2.3 2.3 1.5 2.4 6.5 3.7 2.2 
144 17.2 8.8 2.7 6.6 2.4 0.7 4.6 4.7 0.9 5.4 2.6 3.1 2.8 0.8 2.7 4.9 2.5 2.3 




[d] R1 R2 R3 R4 R5 R6 R8 R9 R10 R15 R16 R17 R20 R21 R22 R25 R26 R27 
154 30.0 8.2 2.1 6.5 0.9 0.5 5.2 2.2 0.6 5.3 1.0 1.1 0.9 3.2 2.1 5.5 7.6 2.7 
156 24.5 8.0 2.1 7.0 1.7 0.5 4.8 2.8 0.7 5.8 1.6 1.8 1.6 2.6 2.0 4.6 6.0 2.3 
158 33.5 7.8 1.6 6.5 0.8 0.4 6.2 1.2 0.4 6.0 0.7 0.9 0.7 3.2 2.7 7.8 6.7 3.5 
161 33.6 8.2 1.6 5.8 0.6 0.5 5.5 0.8 0.5 5.4 0.5 0.7 0.5 3.8 2.4 7.0 7.8 3.1 
163 13.7 10.4 2.3 7.0 1.5 0.8 12.6 2.6 0.6 5.1 1.7 1.8 1.9 1.2 2.7 5.8 3.4 3.8 
165 24.3 11.9 2.6 6.2 0.7 0.8 3.7 2.2 0.9 4.6 0.9 1.0 0.9 2.1 1.8 5.9 3.3 2.2 
169 21.4 11.8 3.4 6.8 1.6 1.2 4.7 4.0 1.3 5.3 1.7 2.1 1.8 1.7 2.1 5.1 3.6 2.5 
172 23.1 11.6 2.9 6.7 0.5 0.9 3.8 2.6 1.2 5.1 0.9 0.9 0.8 1.3 2.3 7.1 3.3 2.7 
175 22.4 12.0 3.1 6.8 0.7 1.0 3.6 3.6 1.4 5.4 1.1 1.1 1.0 1.2 2.4 6.2 3.9 2.5 
177 11.1 12.6 2.9 4.7 2.0 0.8 6.2 4.2 0.7 5.2 2.9 2.2 3.4 0.6 3.1 6.0 2.6 3.5 
179 22.5 12.5 3.5 5.0 1.3 1.2 5.6 4.1 1.5 4.2 1.6 2.0 1.8 1.8 1.7 4.7 4.5 2.4 
182 26.5 14.9 3.6 5.4 0.3 1.2 3.7 2.5 1.6 4.1 0.5 0.5 0.4 1.8 2.1 7.1 3.5 2.7 
186 25.3 13.7 3.4 5.3 0.3 1.1 4.5 3.2 1.6 4.2 0.6 0.8 0.6 1.7 2.2 6.7 3.7 2.4 
189 27.7 16.3 4.2 4.4 0.3 1.5 3.0 3.6 2.1 3.9 0.6 0.8 0.6 2.0 2.2 6.2 3.6 2.3 
191 32.0 17.5 3.7 4.9 0.2 1.4 4.6 1.6 1.5 4.9 0.2 0.7 0.2 2.2 3.3 10.5 4.3 3.7 
193 24.2 16.2 4.8 3.6 0.5 1.8 2.7 4.1 2.5 3.1 0.8 1.0 0.7 2.3 1.6 4.8 5.9 1.9 
198 23.7 15.9 4.8 3.7 0.9 1.6 4.2 4.7 2.1 4.5 1.5 0.9 1.6 1.1 2.1 4.9 3.3 2.2 
200 26.6 19.2 5.4 4.1 0.6 2.0 3.4 3.5 2.2 5.1 0.9 0.6 0.9 1.7 2.1 5.7 3.7 2.1 
203 27.9 21.4 5.6 3.6 0.3 2.1 4.8 2.0 2.3 5.2 0.4 0.2 0.4 2.8 2.1 6.7 4.2 2.4 
205 24.2 18.4 5.9 2.9 0.7 2.1 4.7 3.9 2.6 3.9 0.9 0.6 1.0 2.5 1.7 4.9 4.5 2.0 
207 27.0 21.4 5.3 3.5 0.2 2.0 3.9 2.4 2.3 3.5 0.3 0.8 0.3 2.8 2.3 6.7 6.0 2.4 
210 25.0 19.9 5.4 3.8 0.4 2.1 3.1 2.6 2.4 3.8 0.6 0.9 0.5 2.6 2.3 6.6 6.2 2.2 
211 26.2 20.4 5.3 4.2 0.3 2.0 3.7 2.7 2.4 3.9 0.5 0.9 0.4 2.3 2.1 6.4 5.4 2.3 
212 26.2 20.4 5.3 4.2 0.3 2.0 3.7 2.7 2.4 3.9 0.5 0.9 0.4 2.3 2.1 6.4 5.4 2.3 
214 15.8 15.8 5.7 3.1 0.4 2.4 2.5 4.7 3.4 2.7 0.9 1.0 0.8 2.7 1.4 3.9 7.5 1.7 
217 21.5 18.3 5.9 2.0 0.5 2.5 3.6 4.8 3.2 2.3 0.8 0.6 0.6 1.8 1.6 4.4 5.1 2.1 
219 17.8 14.7 4.5 3.8 1.1 1.6 4.6 4.7 1.9 2.6 1.5 1.4 1.4 1.7 1.6 4.1 4.2 2.2 
221 16.1 12.1 3.9 3.9 1.1 1.3 10.0 4.4 1.9 3.4 1.3 1.1 1.2 2.0 2.5 5.7 6.7 3.3 
224 17.7 13.7 4.0 3.6 0.8 1.4 9.4 4.2 1.9 3.2 1.1 1.1 1.0 2.0 2.4 5.6 6.6 2.9 
228 19.1 14.6 3.6 4.2 0.9 1.2 8.6 2.6 1.2 3.7 1.0 1.4 0.9 2.1 3.0 7.0 4.9 3.6 
231 17.3 12.7 3.4 4.3 0.7 1.2 9.5 2.9 1.4 3.8 0.9 0.8 0.9 2.9 3.4 8.7 5.3 5.3 
233 24.2 14.5 3.0 4.4 0.4 1.1 4.3 2.4 1.1 6.4 0.9 0.9 1.0 4.5 2.9 8.9 4.4 3.2 
235 24.0 14.7 3.1 5.3 0.5 1.1 3.9 2.6 1.0 6.4 0.9 1.0 1.0 4.0 2.6 7.6 4.5 2.9 
238 25.7 15.8 3.3 4.8 1.4 1.2 3.9 2.5 1.1 5.9 0.8 0.8 0.9 3.7 2.5 6.9 5.6 2.7 
240 22.6 13.4 2.8 4.4 2.0 0.9 3.9 3.4 0.9 4.9 1.5 1.6 1.7 2.8 2.0 5.7 3.9 2.6 
242 26.9 16.7 3.5 4.4 1.3 1.3 4.1 2.4 1.1 6.0 0.8 0.8 0.9 3.6 2.6 7.4 5.3 2.8 
245 28.0 17.0 3.3 4.0 1.1 1.4 4.5 2.2 1.2 5.9 0.7 0.7 0.8 4.8 2.7 8.1 6.7 3.1 
247 14.1 19.6 5.6 5.3 1.4 1.9 4.7 4.3 1.7 4.4 1.0 1.1 1.2 1.1 3.2 6.3 3.6 2.9 
249 27.4 17.3 3.4 4.1 1.0 1.4 4.5 2.0 1.2 6.2 0.7 0.7 0.8 4.8 2.7 8.8 6.7 3.1 
252 26.4 16.0 3.0 4.7 1.1 1.2 4.7 2.1 1.0 6.5 0.7 0.8 0.8 4.4 2.8 8.7 6.1 3.3 
255 23.9 15.0 2.8 4.8 1.2 1.1 4.6 2.0 1.0 6.4 0.8 1.0 1.0 4.1 2.7 8.9 5.8 3.2 
259 25.6 16.1 3.3 4.2 0.9 1.3 4.5 2.2 1.4 6.2 0.6 0.7 0.7 4.7 2.7 8.7 6.5 3.4 
261 21.0 14.3 4.1 6.9 1.8 1.3 4.0 3.8 1.3 6.0 1.1 1.7 1.6 1.1 3.0 6.0 2.6 2.4 




[d] R1 R2 R3 R4 R5 R6 R8 R9 R10 R15 R16 R17 R20 R21 R22 R25 R26 R27 
266 19.6 14.4 3.8 6.9 1.6 1.2 4.4 3.2 1.0 6.3 1.1 1.5 1.4 0.8 3.2 7.0 2.9 2.7 
268 22.6 18.0 3.7 4.3 0.5 1.4 4.0 2.5 1.3 6.3 0.8 0.8 0.8 4.7 2.9 8.6 5.2 3.7 
270 21.8 16.3 3.4 3.7 1.1 1.4 3.8 2.7 1.3 5.3 0.9 0.8 1.1 5.0 2.6 7.5 8.2 3.2 
273 22.0 16.1 3.7 3.4 1.0 1.6 3.6 3.0 1.4 4.2 1.0 0.7 1.1 7.2 2.1 6.1 9.9 3.2 
275 24.1 18.5 4.1 3.4 0.6 1.8 3.7 2.3 1.8 6.4 0.5 0.5 0.6 4.8 3.2 9.7 9.4 3.6 
277 25.9 20.0 4.0 3.7 0.8 1.6 3.3 2.2 1.6 5.7 0.6 0.6 0.7 4.2 2.8 7.8 7.4 3.1 
280 28.6 25.2 4.9 2.4 0.3 2.5 2.6 1.3 2.6 4.9 0.2 0.1 0.3 3.8 2.4 7.5 9.3 2.7 
283 30.7 27.2 4.4 2.2 0.1 1.7 2.1 1.2 1.7 3.9 0.2 0.3 0.3 3.9 1.9 5.5 6.2 2.1 
287 23.0 23.9 4.3 2.3 0.3 2.0 1.9 1.8 2.2 3.2 0.5 0.5 0.6 6.0 1.6 4.3 8.2 1.9 
289 26.0 16.4 3.4 3.5 1.3 1.2 3.2 3.0 1.3 3.7 0.9 0.8 1.0 4.1 1.5 4.8 4.2 2.5 
291 29.4 18.0 3.9 2.4 0.9 1.6 2.9 2.8 1.6 2.9 0.7 0.5 0.7 7.6 1.3 4.1 7.0 2.5 
294 26.9 20.9 3.9 3.1 1.0 1.6 2.5 2.8 1.6 3.2 0.9 0.6 0.9 5.4 1.3 3.9 6.7 1.6 
296 32.1 27.7 4.5 1.4 0.5 2.2 1.6 1.3 2.2 2.0 0.3 0.3 0.4 4.2 1.1 2.8 6.1 1.1 
297 33.5 27.4 4.4 1.5 0.6 2.1 1.5 1.7 2.0 1.8 0.5 0.4 0.6 3.8 0.8 2.2 5.2 1.1 
301 39.1 31.7 4.5 0.7 0.3 2.1 1.2 0.8 2.1 1.2 0.2 0.1 0.2 3.5 0.6 1.6 5.1 0.8 
305 37.8 29.2 4.6 0.9 0.3 2.4 1.4 0.8 2.2 1.5 0.2 0.1 0.2 5.7 0.8 2.1 6.2 0.8 
308 26.2 21.7 3.5 2.6 0.3 1.2 2.1 2.0 1.2 2.7 0.7 0.6 0.8 5.1 1.2 3.5 5.8 1.8 
315 29.2 23.6 5.5 1.4 0.7 2.5 1.7 3.2 3.1 1.9 0.8 0.9 1.1 2.9 1.0 2.4 4.3 1.1 
322 19.0 17.2 5.5 2.6 0.4 1.9 1.8 6.0 3.1 2.7 1.7 1.5 1.8 2.5 1.2 3.0 4.4 1.4 
324 26.6 29.5 6.7 1.0 0.1 2.5 1.4 2.2 3.1 1.6 0.5 0.4 0.5 2.9 0.8 2.1 5.0 0.9 
329 25.6 30.6 8.0 0.7 0.1 3.0 1.2 1.6 3.6 1.4 0.2 0.2 0.3 1.9 0.7 2.1 5.8 0.9 
331 25.5 31.1 6.7 1.8 0.1 2.0 2.0 1.6 1.9 2.6 0.5 0.4 0.6 2.2 1.2 3.5 5.6 1.3 
333 24.2 26.9 7.3 2.1 0.3 3.0 2.0 1.4 2.7 3.0 0.4 0.3 0.5 5.6 1.4 4.5 6.2 1.6 
339 23.6 25.0 7.3 1.8 0.8 2.4 2.2 2.4 2.2 2.4 1.1 0.8 1.4 5.6 1.2 3.4 5.9 1.6 
345 23.9 29.3 8.2 1.3 0.4 3.3 1.6 1.9 3.2 2.0 0.6 0.5 0.8 4.6 1.1 2.7 5.7 1.2 
347 26.1 33.2 7.8 0.7 0.2 3.4 1.5 0.8 3.0 1.6 0.3 0.2 0.4 5.3 0.9 2.5 5.7 1.1 
350 21.1 21.9 6.2 2.1 0.6 2.8 2.0 3.2 3.0 2.8 0.9 0.7 1.3 6.2 1.4 3.9 6.8 1.6 
352 25.6 25.9 5.9 1.6 0.4 2.5 2.1 2.0 2.5 3.0 0.6 0.5 0.8 5.6 1.7 4.6 5.8 1.9 
354 27.4 31.9 6.9 0.8 0.2 3.1 1.4 0.7 3.0 1.6 0.2 0.2 0.3 3.6 0.9 2.8 6.3 1.3 
357 26.4 22.5 4.5 2.8 1.1 1.6 1.8 3.8 1.8 2.3 1.9 2.4 2.1 5.4 0.9 2.6 4.0 1.0 
359 27.0 21.8 4.2 2.6 1.0 1.3 2.4 3.3 1.3 2.3 1.7 2.2 1.8 4.6 1.6 4.2 3.6 1.8 
361 28.7 24.8 6.2 1.5 0.5 2.1 1.7 2.5 2.6 1.9 0.9 0.9 1.3 3.1 0.8 2.7 7.2 0.9 
364 29.0 25.7 5.9 1.3 0.5 2.0 1.6 2.2 2.3 1.7 0.9 0.9 1.4 2.7 0.7 2.4 7.4 0.8 
366 26.9 27.2 6.2 1.1 0.2 2.2 1.2 1.3 2.6 1.5 0.4 0.3 0.8 3.2 0.6 2.2 8.7 0.8 
371 26.2 30.3 7.1 0.9 0.1 2.6 1.5 0.8 3.2 1.5 0.2 0.3 0.4 3.1 0.7 2.2 4.8 1.0 
373 26.9 21.4 4.0 2.8 0.7 1.2 3.5 3.7 1.4 2.7 1.3 1.9 1.5 2.1 1.2 2.8 4.4 1.4 
375 24.0 33.4 8.4 1.2 0.2 2.6 1.7 1.1 3.1 1.7 0.3 0.2 0.5 2.3 0.9 2.1 5.2 1.1 
378 20.3 23.8 6.2 2.5 0.3 1.7 2.6 4.0 2.1 2.9 1.1 1.0 1.3 1.8 1.3 3.6 6.9 1.5 
380 25.3 26.5 5.7 2.5 0.7 1.7 2.8 3.0 1.9 2.8 1.1 1.1 1.6 1.9 1.3 2.9 5.6 1.6 
382 23.5 27.7 6.4 1.6 0.1 2.4 1.5 2.0 2.4 1.9 0.8 0.8 1.0 3.4 1.0 2.9 5.2 1.3 
385 23.0 26.1 8.8 2.2 0.4 2.3 2.8 2.5 2.7 2.5 0.5 0.3 0.7 1.7 1.2 2.5 9.4 1.3 
387 22.9 31.6 8.9 1.6 0.2 2.7 2.1 1.4 3.3 1.9 0.2 0.1 0.3 2.2 1.0 1.9 7.2 1.1 
389 21.8 31.7 6.3 1.9 0.1 2.1 2.6 2.3 2.5 2.1 0.4 0.3 0.5 2.4 1.2 2.0 6.8 1.1 




[d] R1 R2 R3 R4 R5 R6 R8 R9 R10 R15 R16 R17 R20 R21 R22 R25 R26 R27 
394 19.9 28.1 10.5 2.3 0.2 2.5 3.5 1.4 3.0 2.8 0.3 0.2 0.4 2.3 1.5 2.9 7.9 1.8 
396 25.7 22.6 6.8 2.0 0.9 1.9 4.6 2.9 2.3 2.5 0.6 0.5 0.9 1.0 1.7 2.7 7.6 2.2 
399 25.0 20.6 5.1 2.0 1.1 1.5 5.4 3.3 1.7 2.8 1.0 0.7 1.5 1.0 1.9 3.3 5.8 2.9 
403 26.1 23.7 5.4 1.7 0.7 1.9 4.6 2.6 2.2 2.6 0.7 0.4 1.1 0.9 1.8 2.9 7.0 2.4 
406 23.0 31.7 7.2 1.4 0.1 2.9 2.5 2.2 3.1 2.0 0.5 0.3 0.6 2.0 1.3 2.2 6.2 1.3 
408 19.3 20.1 5.4 2.1 0.3 1.8 4.7 3.9 2.0 3.5 1.2 0.9 1.6 1.5 2.4 4.2 6.9 2.6 
410 23.9 20.0 6.6 2.0 0.9 2.0 4.5 3.4 2.3 3.2 0.9 0.5 1.2 1.0 2.1 3.9 6.5 2.8 
413 28.0 24.9 7.2 1.8 0.8 2.0 2.4 2.4 2.4 3.0 0.6 0.3 0.7 1.3 2.0 3.7 4.9 2.0 
415 27.4 22.6 6.7 1.6 0.8 1.9 1.7 3.4 2.6 2.5 0.9 0.5 1.2 1.0 1.5 3.1 6.5 1.3 
417 25.1 26.2 6.4 1.4 3.3 2.0 1.5 4.0 2.6 1.9 2.1 0.8 1.7 1.5 1.0 2.0 5.3 0.8 
420 16.6 8.0 1.5 12.3 5.4 0.4 5.1 3.9 0.4 10.7 3.6 2.1 3.4 0.9 2.5 6.1 2.7 2.5 
422 21.6 9.0 2.1 10.9 6.2 0.5 3.4 7.1 0.7 10.8 3.3 1.7 2.7 0.7 2.5 7.6 3.9 2.0 
424 16.1 8.5 1.8 11.3 4.1 0.4 2.8 5.5 0.5 11.5 3.5 2.5 3.7 0.9 2.8 9.3 3.1 1.7 
427 17.4 9.6 2.3 9.7 5.1 0.6 2.1 6.5 0.8 9.1 3.7 2.4 3.5 1.3 2.0 6.3 3.8 1.3 
430 27.3 14.7 2.9 9.3 0.9 0.8 5.1 2.7 1.0 8.4 0.4 0.2 0.3 2.3 2.6 6.7 3.1 2.0 
435 20.1 9.8 3.0 12.5 2.4 0.7 5.5 4.1 0.8 9.7 1.8 1.8 2.1 1.2 2.9 5.3 2.2 2.0 
438 34.2 13.6 2.5 10.1 1.0 0.7 6.5 2.7 0.8 8.0 0.5 0.2 0.3 1.5 1.9 5.4 2.8 1.3 
441 17.8 8.7 2.2 9.0 2.7 0.6 5.3 4.1 0.7 11.6 2.0 1.5 2.0 0.8 6.7 11.9 2.7 3.2 
443 16.8 8.5 2.1 8.5 2.8 0.5 6.0 4.2 0.6 9.3 2.5 2.2 2.9 0.6 3.1 8.6 2.9 2.1 
445 28.0 17.5 3.8 8.9 0.8 1.2 5.5 3.0 1.3 7.6 0.3 0.1 0.2 1.6 1.7 5.6 5.2 1.4 
448 19.9 14.7 3.3 9.3 2.1 0.9 4.7 4.8 1.0 7.5 1.6 1.1 1.6 0.9 1.8 5.2 3.7 1.2 
450 19.2 13.6 2.7 7.6 1.8 0.8 4.2 3.8 0.8 7.2 1.5 1.0 1.5 0.7 2.3 7.2 2.7 1.3 
455 19.0 12.1 2.4 9.3 1.5 0.6 5.3 2.9 0.7 8.1 0.9 0.7 0.8 0.7 2.0 7.9 3.4 1.6 
457 18.8 15.2 5.2 5.0 2.4 1.5 3.3 7.2 2.3 5.2 1.7 1.2 1.8 0.6 1.6 5.1 4.2 0.9 
459 18.2 16.3 4.8 8.2 0.7 1.8 1.6 4.6 1.9 6.4 0.7 0.9 1.0 1.6 1.1 2.7 3.5 0.7 
462 17.9 15.8 3.8 7.0 1.0 1.1 2.4 3.9 1.4 6.3 0.9 0.5 0.9 1.1 1.8 6.3 3.4 0.9 
465 14.7 11.5 2.7 7.3 1.7 0.6 4.1 3.9 0.7 6.5 1.3 0.9 1.2 0.7 1.8 6.9 3.8 0.9 
469 21.8 19.1 4.0 6.2 0.9 1.3 5.3 4.3 1.2 6.1 1.3 1.4 1.3 1.1 1.4 5.2 5.3 1.2 
471 15.8 19.2 6.4 4.8 1.3 1.6 2.1 4.7 2.2 6.3 1.1 0.9 1.3 2.0 2.1 7.5 7.5 0.8 
476 17.6 20.2 5.9 4.4 1.4 1.7 2.7 5.3 2.3 4.8 1.5 1.4 1.8 1.6 1.3 5.2 6.9 0.7 
478 14.7 20.8 7.7 3.5 1.2 1.9 2.0 4.9 2.7 4.6 1.1 0.9 1.4 2.4 1.5 5.4 11.0 0.6 
480 20.5 27.8 7.6 5.2 0.4 2.4 1.7 2.1 2.9 4.2 0.5 0.5 0.6 2.7 0.8 3.3 6.8 0.5 
484 18.2 28.0 9.1 4.7 0.3 2.4 2.1 1.4 2.7 4.2 0.3 0.2 0.3 3.7 0.9 3.6 8.1 0.5 
487 16.6 21.3 7.5 3.4 0.9 2.0 2.3 4.2 2.9 3.4 1.0 0.9 1.4 2.8 1.0 3.6 10.0 0.6 
490 18.9 26.7 7.1 3.8 0.4 2.6 1.8 1.8 3.3 3.7 0.5 0.5 0.6 4.7 0.9 3.7 7.1 0.5 
494 27.3 27.0 5.9 3.4 0.6 2.4 2.2 2.4 3.1 2.4 0.6 0.6 0.7 2.0 0.6 1.7 4.2 0.5 
501 29.1 26.1 6.9 3.4 0.5 2.4 2.0 1.7 3.1 3.3 0.4 0.6 0.6 2.6 0.7 3.2 4.4 0.6 
504 29.5 27.3 6.2 3.4 0.3 2.1 2.1 1.5 2.4 2.6 0.2 0.2 0.2 3.5 0.6 2.0 4.9 0.6 
506 26.8 25.1 6.9 3.3 0.4 2.1 2.4 1.7 2.4 2.8 0.4 0.4 0.4 3.3 0.7 2.6 5.2 0.6 
507 19.7 21.1 6.5 3.8 0.8 1.9 2.1 3.5 2.5 4.2 1.3 1.4 1.6 2.7 1.2 4.8 5.4 0.6 
508 31.1 25.1 5.4 3.3 0.4 1.8 2.9 1.6 2.1 2.7 0.3 0.3 0.3 3.1 0.6 2.4 4.8 0.7 
511 30.9 26.5 5.4 3.4 0.3 1.8 1.9 1.4 2.1 2.8 0.3 0.2 0.3 3.7 0.6 2.4 4.4 0.6 
513 34.7 26.3 4.8 3.5 0.2 1.9 1.9 1.3 2.0 3.2 0.3 0.3 0.4 4.6 0.8 3.3 5.8 0.5 




[d] R1 R2 R3 R4 R5 R6 R8 R9 R10 R15 R16 R17 R20 R21 R22 R25 R26 R27 
518 37.2 25.2 5.4 2.7 0.3 1.7 2.9 1.6 2.0 2.0 0.2 0.2 0.2 3.0 0.5 1.6 4.0 0.5 
520 35.1 23.2 5.0 3.5 0.4 1.6 2.0 1.9 1.9 3.2 0.4 0.4 0.5 3.5 0.8 3.5 5.4 0.6 
522 36.9 24.0 5.2 5.4 0.3 1.7 1.6 1.9 1.7 3.8 0.3 0.8 0.5 4.4 0.8 1.7 5.3 0.6 





Supporting Table 10: Raw data for the bacterial T-R F compostion - part 1. 
 
Time [d] 
Ruminococcaceae  Symbiobacterium 2 
67 bp 82 bp 
Firmicutes 2 
195 bp 
51 bp 58 bp 185 
0 0.00 0.00 0.00 0.03 0.12 0.00 
28 0.00 0.00 0.00 0.06 0.08 0.00 
37 0.00 0.02 0.00 0.04 0.06 0.00 
44 0.00 0.03 0.04 0.02 0.04 0.00 
51 0.00 0.04 0.01 0.04 0.05 0.00 
53 0.00 0.03 0.03 0.05 0.06 0.00 
56 0.00 0.02 0.00 0.04 0.06 0.00 
63 0.00 0.00 0.00 0.02 0.06 0.00 
70 0.01 0.01 0.00 0.04 0.10 0.00 
78 0.01 0.00 0.00 0.02 0.03 0.00 
84 0.00 0.01 0.01 0.03 0.04 0.00 
91 0.02 0.00 0.00 0.04 0.07 0.00 
100 0.01 0.01 0.00 0.03 0.08 0.00 
107 0.00 0.03 0.02 0.07 0.06 0.00 
114 0.00 0.01 0.01 0.05 0.05 0.00 
121 0.01 0.03 0.01 0.07 0.08 0.00 
128 0.00 0.01 0.02 0.05 0.12 0.00 
135 0.00 0.00 0.14 0.02 0.03 0.00 
151 0.00 0.00 0.00 0.02 0.03 0.02 
158 0.00 0.00 0.14 0.21 0.02 0.02 
163 0.00 0.00 0.16 0.01 0.03 0.03 
179 0.06 0.00 0.13 0.10 0.03 0.05 
186 0.00 0.00 0.00 0.20 0.00 0.02 
193 0.00 0.00 0.06 0.14 0.00 0.05 
207 0.00 0.00 0.02 0.12 0.00 0.04 
214 0.02 0.00 0.14 0.09 0.00 0.07 
219 0.04 0.00 0.81 0.00 0.00 0.00 
220 0.00 0.00 0.80 0.00 0.00 0.03 
224 0.00 0.00 0.82 0.00 0.00 0.00 
228 0.00 0.00 0.56 0.00 0.00 0.01 
231 0.00 0.00 0.67 0.06 0.00 0.00 
235 0.00 0.03 0.11 0.09 0.03 0.03 
240 0.02 0.00 0.04 0.06 0.01 0.01 
247 0.02 0.00 0.10 0.11 0.06 0.00 
255 0.01 0.01 0.05 0.11 0.02 0.00 
268 0.00 0.00 0.03 0.08 0.03 0.00 
275 0.01 0.06 0.24 0.12 0.00 0.00 
283 0.00 0.00 0.08 0.10 0.00 0.05 
289 0.03 0.00 0.00 0.04 0.01 0.10 
308 0.00 0.00 0.10 0.07 0.00 0.09 
315 0.00 0.00 0.15 0.07 0.00 0.04 




Ruminococcaceae  Symbiobacterium 2 
67 bp 82 bp 
Firmicutes 2 
195 bp 
51 bp 58 bp 185 
333 0.00 0.00 0.26 0.03 0.00 0.05 
339 0.00 0.00 0.06 0.04 0.00 0.05 
345 0.00 0.00 0.16 0.01 0.00 0.07 
359 0.00 0.00 0.47 0.01 0.00 0.00 
366 0.00 0.00 0.15 0.03 0.00 0.06 
373 0.00 0.00 0.12 0.06 0.00 0.05 
380 0.00 0.00 0.18 0.09 0.00 0.09 
387 0.00 0.00 0.06 0.04 0.00 0.09 
394 0.00 0.00 0.16 0.03 0.00 0.06 
399 0.00 0.00 0.09 0.12 0.00 0.06 
403 0.01 0.00 0.11 0.02 0.00 0.06 
417 0.00 0.00 0.12 0.02 0.00 0.04 
424 0.00 0.00 0.05 0.07 0.00 0.14 
430 0.00 0.00 0.02 0.04 0.00 0.07 
435 0.00 0.00 0.05 0.09 0.00 0.06 
441 0.00 0.00 0.10 0.10 0.00 0.04 
448 0.00 0.00 0.00 0.09 0.00 0.02 
462 0.00 0.00 0.04 0.12 0.00 0.00 
469 0.00 0.00 0.08 0.10 0.03 0.04 
476 0.00 0.00 0.12 0.06 0.00 0.06 
484 0.00 0.00 0.03 0.05 0.02 0.00 
490 0.00 0.00 0.00 0.10 0.01 0.00 
494 0.00 0.00 0.00 0.11 0.01 0.02 
501 0.00 0.00 0.01 0.10 0.00 0.00 









209 bp 220 bp 
Anaerobaculum 4 Chloroflexi Symbiobacterium 4 
198 bp 227 bp 235 bp 262 bp  
0 0.00 0.14 0.00 0.31 0.00 0.02 
28 0.00 0.14 0.00 0.15 0.00 0.05 
37 0.00 0.16 0.00 0.18 0.00 0.04 
44 0.00 0.12 0.00 0.14 0.00 0.04 
51 0.00 0.16 0.00 0.16 0.00 0.05 
53 0.00 0.14 0.00 0.20 0.00 0.05 
56 0.00 0.12 0.00 0.17 0.01 0.04 
63 0.00 0.11 0.00 0.23 0.00 0.04 
70 0.00 0.11 0.00 0.22 0.00 0.05 
78 0.00 0.04 0.00 0.10 0.00 0.03 
84 0.00 0.07 0.00 0.25 0.00 0.05 
91 0.00 0.14 0.00 0.27 0.00 0.04 
100 0.00 0.17 0.00 0.32 0.00 0.02 
107 0.00 0.15 0.00 0.22 0.00 0.05 
114 0.00 0.12 0.01 0.21 0.00 0.05 
121 0.00 0.13 0.00 0.23 0.00 0.05 
128 0.00 0.18 0.00 0.30 0.00 0.05 
135 0.00 0.25 0.00 0.21 0.00 0.02 
151 0.00 0.21 0.06 0.25 0.00 0.02 
158 0.02 0.13 0.03 0.26 0.00 0.03 
163 0.01 0.06 0.02 0.14 0.00 0.03 
179 0.06 0.19 0.01 0.08 0.00 0.00 
186 0.03 0.22 0.02 0.11 0.00 0.01 
193 0.05 0.18 0.03 0.10 0.00 0.01 
207 0.05 0.24 0.00 0.05 0.00 0.00 
214 0.03 0.39 0.00 0.03 0.04 0.00 
219 0.00 0.09 0.00 0.00 0.00 0.00 
220 0.00 0.10 0.00 0.00 0.03 0.00 
224 0.00 0.10 0.00 0.00 0.02 0.00 
228 0.00 0.35 0.00 0.01 0.04 0.00 
231 0.00 0.27 0.00 0.00 0.00 0.00 
235 0.03 0.04 0.04 0.13 0.00 0.00 
240 0.02 0.35 0.07 0.15 0.00 0.01 
247 0.00 0.31 0.05 0.12 0.01 0.01 
255 0.00 0.32 0.02 0.13 0.01 0.00 
268 0.00 0.56 0.00 0.09 0.01 0.01 
275 0.00 0.09 0.00 0.01 0.00 0.00 
283 0.01 0.35 0.00 0.05 0.03 0.00 
289 0.01 0.57 0.00 0.08 0.02 0.00 
308 0.03 0.28 0.00 0.06 0.03 0.00 
315 0.02 0.16 0.00 0.07 0.04 0.00 





209 bp 220 bp 
Anaerobaculum 4 Chloroflexi Symbiobacterium 4 
198 bp 227 bp 235 bp 262 bp  
333 0.03 0.29 0.00 0.02 0.02 0.00 
339 0.03 0.25 0.00 0.10 0.05 0.00 
345 0.04 0.23 0.00 0.08 0.03 0.00 
359 0.00 0.08 0.00 0.03 0.00 0.00 
366 0.05 0.16 0.00 0.06 0.01 0.00 
373 0.04 0.25 0.00 0.03 0.02 0.00 
380 0.05 0.21 0.00 0.01 0.01 0.00 
387 0.06 0.21 0.00 0.05 0.04 0.00 
394 0.03 0.17 0.00 0.04 0.03 0.00 
399 0.04 0.24 0.00 0.05 0.03 0.00 
403 0.04 0.35 0.00 0.04 0.03 0.00 
417 0.04 0.36 0.00 0.03 0.02 0.00 
424 0.10 0.19 0.04 0.08 0.08 0.00 
430 0.05 0.00 0.12 0.11 0.08 0.00 
435 0.05 0.00 0.23 0.11 0.06 0.00 
441 0.03 0.27 0.11 0.09 0.04 0.00 
448 0.01 0.52 0.07 0.08 0.01 0.00 
462 0.00 0.58 0.05 0.11 0.00 0.00 
469 0.03 0.26 0.03 0.07 0.02 0.01 
476 0.04 0.36 0.00 0.02 0.01 0.00 
484 0.00 0.46 0.01 0.02 0.00 0.00 
490 0.00 0.57 0.00 0.04 0.00 0.00 
494 0.01 0.56 0.10 0.11 0.01 0.00 
501 0.00 0.64 0.06 0.08 0.00 0.00 




Supporting Table 12: Raw data for the bacterial T-RF  compostion - part 3. 
 
Time [d] 284 bp 
Planctomycetaceae 
294 bp 
Petrotoga Haloplasmataceae  Bacteroidetes 
292 bp 301 bp 313 bp 412 bp 
0 0.00 0.21 0.00 0.00 0.05 0.12 
28 0.00 0.46 0.00 0.00 0.00 0.06 
37 0.00 0.38 0.00 0.01 0.03 0.05 
44 0.00 0.32 0.02 0.03 0.02 0.08 
51 0.00 0.38 0.00 0.01 0.01 0.05 
53 0.00 0.35 0.00 0.00 0.01 0.06 
56 0.00 0.37 0.00 0.01 0.02 0.14 
63 0.00 0.33 0.00 0.00 0.02 0.15 
70 0.00 0.31 0.00 0.01 0.03 0.10 
78 0.00 0.18 0.00 0.00 0.00 0.04 
84 0.00 0.35 0.00 0.01 0.01 0.13 
91 0.00 0.26 0.00 0.00 0.02 0.10 
100 0.00 0.27 0.00 0.00 0.01 0.07 
107 0.00 0.30 0.00 0.00 0.02 0.07 
114 0.00 0.33 0.00 0.00 0.00 0.11 
121 0.00 0.32 0.00 0.00 0.00 0.04 
128 0.00 0.23 0.00 0.00 0.00 0.04 
135 0.00 0.30 0.00 0.00 0.00 0.03 
151 0.00 0.23 0.00 0.00 0.01 0.09 
158 0.00 0.13 0.00 0.00 0.00 0.02 
163 0.00 0.26 0.00 0.00 0.02 0.11 
179 0.00 0.25 0.00 0.00 0.01 0.01 
186 0.00 0.37 0.00 0.00 0.00 0.00 
193 0.00 0.31 0.00 0.00 0.01 0.05 
207 0.00 0.32 0.00 0.00 0.00 0.13 
214 0.00 0.14 0.00 0.00 0.00 0.04 
219 0.00 0.02 0.00 0.00 0.00 0.03 
220 0.00 0.00 0.00 0.00 0.00 0.00 
224 0.00 0.00 0.00 0.00 0.00 0.00 
228 0.00 0.00 0.00 0.00 0.00 0.00 
231 0.00 0.00 0.00 0.00 0.00 0.00 
235 0.00 0.21 0.00 0.00 0.00 0.05 
240 0.01 0.18 0.00 0.00 0.00 0.04 
247 0.00 0.15 0.00 0.00 0.00 0.04 
255 0.01 0.23 0.00 0.01 0.00 0.02 
268 0.00 0.17 0.00 0.00 0.00 0.02 
275 0.00 0.04 0.00 0.00 0.00 0.00 
283 0.00 0.16 0.00 0.02 0.00 0.03 
289 0.00 0.08 0.00 0.00 0.00 0.03 
308 0.00 0.18 0.00 0.02 0.00 0.06 
315 0.00 0.17 0.00 0.01 0.00 0.10 
329 0.00 0.22 0.00 0.04 0.00 0.05 
Appendix 
LXII  
Time [d] 284 bp 
Planctomycetaceae 
294 bp 
Petrotoga Haloplasmataceae  Bacteroidetes 
292 bp 301 bp 313 bp 412 bp 
333 0.00 0.22 0.00 0.02 0.00 0.03 
339 0.00 0.29 0.00 0.02 0.00 0.10 
345 0.00 0.22 0.00 0.05 0.00 0.11 
359 0.00 0.09 0.00 0.01 0.00 0.05 
366 0.00 0.24 0.01 0.03 0.00 0.08 
373 0.00 0.34 0.00 0.00 0.00 0.08 
380 0.00 0.31 0.00 0.02 0.00 0.02 
387 0.00 0.31 0.00 0.05 0.00 0.09 
394 0.00 0.35 0.00 0.04 0.00 0.08 
399 0.00 0.31 0.00 0.02 0.00 0.04 
403 0.00 0.23 0.00 0.03 0.00 0.06 
417 0.00 0.27 0.00 0.02 0.00 0.06 
424 0.01 0.00 0.03 0.00 0.00 0.00 
430 0.09 0.00 0.05 0.00 0.00 0.01 
435 0.04 0.01 0.05 0.00 0.00 0.02 
441 0.04 0.00 0.01 0.02 0.00 0.01 
448 0.09 0.10 0.00 0.00 0.00 0.00 
462 0.08 0.02 0.00 0.00 0.00 0.00 
469 0.01 0.24 0.00 0.01 0.00 0.03 
476 0.00 0.27 0.00 0.01 0.00 0.03 
484 0.05 0.03 0.00 0.00 0.00 0.00 
490 0.05 0.07 0.00 0.00 0.00 0.00 
494 0.06 0.00 0.00 0.00 0.00 0.00 
501 0.09 0.01 0.00 0.00 0.00 0.01 










389 bp 370 bp 
0 0.02 0.98 0.00 
28 0.03 0.70 0.27 
37 0.02 0.95 0.02 
44 0.00 0.62 0.38 
51 0.13 0.37 0.51 
53 0.04 0.92 0.04 
56 0.00 0.85 0.15 
63 0.00 0.58 0.42 
70 0.07 0.70 0.23 
78 0.00 0.04 0.96 
84 0.03 0.81 0.16 
91 0.00 0.78 0.22 
100 0.03 0.85 0.12 
107 0.03 0.97 0.00 
114 0.00 0.63 0.37 
121 0.03 0.97 0.00 
128 0.11 0.73 0.16 
135 0.15 0.14 0.71 
151 0.21 0.46 0.32 
158 0.08 0.73 0.18 
163 0.13 0.29 0.58 
179 0.37 0.14 0.49 
186 0.18 0.00 0.82 
193 0.19 0.25 0.56 
207 0.18 0.32 0.49 
214 0.03 0.19 0.78 
219 0.07 0.24 0.69 
220 0.00 0.16 0.84 
224 0.18 0.00 0.82 
228 0.25 0.00 0.75 
231 0.37 0.00 0.63 
235 0.77 0.00 0.23 
240 0.86 0.00 0.14 
247 0.60 0.15 0.25 
255 0.34 0.51 0.15 
268 0.11 0.73 0.16 
275 0.42 0.31 0.26 
283 0.25 0.37 0.38 
289 0.19 0.13 0.67 
308 0.14 0.14 0.72 






389 bp 370 bp 
329 0.10 0.00 0.90 
333 0.16 0.05 0.79 
339 0.13 0.46 0.41 
345 0.30 0.00 0.70 
359 0.00 0.00 1.00 
366 0.00 0.04 0.96 
373 0.27 0.00 0.73 
380 0.18 0.00 0.82 
387 0.00 0.11 0.89 
394 0.02 0.14 0.84 
399 0.00 0.20 0.80 
403 0.06 0.06 0.88 
417 0.10 0.00 0.90 
424 0.18 0.62 0.20 
430 0.17 0.04 0.78 
435 0.26 0.19 0.55 
441 0.40 0.00 0.60 
448 0.32 0.00 0.68 
462 0.38 0.00 0.62 
469 0.30 0.00 0.70 
476 0.27 0.00 0.73 
484 0.32 0.00 0.68 
490 0.34 0.00 0.66 
494 0.30 0.00 0.70 
501 0.30 0.00 0.70 





Supporting Table 14: Correlation values of the sub- optimal phase - part 1. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 BGY HRT CH4 CO2 Glycolate pH pHfeed A P G 
BiogasYield 1.00 -0.74 -0.64 0.62 0.74 -0.51  0.37 0.16 -0.21 
HRT -0.74 1.00 0.84 -0.82 -1.00 0.59  -0.57 -0.28 0.21 
CH4 -0.64 0.84 1.00 -0.73 -0.84 0.39  -0.18 0.17 0.27 
CO2 0.62 -0.82 -0.73 1.00 0.82 -0.50  0.38 -0.01 -0.26 
Glycolate feed 0.74 -1.00 -0.84 0.82 1.00 -0.59  0.57 0.28 -0.21 
pH -0.51 0.59 0.39 -0.50 -0.59 1.00  -0.38 -0.14 0.47 
pHfeed 
      
1.00 
   
Acetate 0.37 -0.57 -0.18 0.38 0.57 -0.38  1.00 0.56 -0.24 
Propionate 0.16 -0.28 0.17 -0.01 0.28 -0.14  0.56 1.00 -0.17 
Glyoxylate -0.21 0.21 0.27 -0.26 -0.21 0.47  -0.24 -0.17 1.00 
R2 0.37 -0.42 -0.50 0.63 0.42 -0.51  0.39 0.06 -0.31 
R3 0.38 -0.48 -0.54 0.57 0.48 -0.59  0.41 0.11 -0.42 
R6 0.39 -0.53 -0.49 0.58 0.53 -0.59  0.51 0.17 -0.43 
R10 0.47 -0.57 -0.61 0.65 0.57 -0.54  0.47 0.12 -0.42 
R16 -0.11 0.00 -0.04 -0.13 0.00 -0.16  0.01 0.22 -0.18 
R17 -0.16 0.07 0.20 -0.26 -0.07 -0.14  0.09 0.33 -0.11 
R20 -0.12 0.02 0.02 -0.18 -0.02 -0.13  0.04 0.26 -0.19 
R4 -0.38 0.36 0.26 -0.37 -0.36 0.39  -0.43 0.11 0.30 
R15 -0.28 0.24 0.14 -0.30 -0.24 0.27 
 
-0.37 0.12 0.19 
R1 0.31 -0.20 -0.25 0.35 0.20 0.02  0.22 -0.17 -0.08 
R5 -0.12 0.07 0.03 -0.19 -0.07 -0.01  -0.12 0.08 0.16 
R8 0.10 0.02 -0.16 0.10 -0.02 0.22  -0.38 -0.32 0.22 
R9 0.24 -0.32 -0.40 0.36 0.32 -0.46  0.34 0.22 -0.39 
R21 -0.04 0.09 0.14 -0.30 -0.09 0.40  -0.05 -0.13 0.15 
R22 -0.12 0.03 -0.12 0.08 -0.03 -0.06  -0.37 -0.08 0.13 
R25 -0.29 0.30 0.28 -0.31 -0.30 0.27  -0.36 0.02 0.11 
R26 0.39 -0.33 -0.45 0.34 0.33 -0.06  0.11 -0.21 0.11 
R27 -0.29 0.34 0.32 -0.28 -0.34 0.36  -0.42 -0.20 0.19 
Ruminococcaceae 0.17 0.18 0.08 0.14 -0.18 0.21  -0.03 -0.11 -0.10 
Symbiobacterium2 -0.36 0.53 0.34 -0.54 -0.53 0.07  -0.61 -0.20 0.38 
67 bp 0.41 -0.49 -0.37 0.25 0.49 -0.64 
 
0.26 0.36 -0.20 
82 bp -0.08 0.04 0.51 -0.33 -0.04 -0.39  0.01 -0.34 -0.31 
Firmicutes2 -0.59 0.53 0.64 -0.63 -0.53 0.24  -0.59 -0.18 0.08 
195 bp 0.47 -0.73 -0.67 0.57 0.73 -0.35  0.72 -0.13 -0.20 
Symbiobacterium3 0.42 -0.60 -0.49 0.46 0.60 -0.53  0.65 -0.11 -0.32 
209 bp 0.30 -0.43 -0.16 0.14 0.43 -0.09 
 
0.52 0.38 -0.16 
220 bp 0.41 -0.69 -0.68 0.57 0.69 -0.34  0.62 -0.15 -0.20 
Anaerobaculum4 -0.09 -0.01 0.09 -0.03 0.01 0.09  -0.05 0.06 -0.05 
Chloroflexi -0.30 0.14 0.38 -0.17 -0.14 -0.03  -0.16 -0.05 0.32 
Symbiobacterium4 -0.35 0.38 0.49 -0.60 -0.38 -0.02  -0.83 -0.22 0.08 
284 bp 
          
Planctomycetaceae -0.59 0.48 0.46 -0.64 -0.48 0.25  -0.38 -0.06 0.26 
294 bp 
 
0.14 -0.10 -0.10 -0.14 0.07 
 
-0.16 -0.05 0.42 
Petrotoga -0.35 0.38 0.27 -0.51 -0.38 0.23  -0.46 -0.15 0.54 
Haloplasmataceae -0.43 0.37 0.11 -0.40 -0.37 0.25  -0.20 -0.26 0.34 
Bacteroidetes -0.65 0.43 0.28 -0.29 -0.43 0.26  -0.42 -0.26 0.37 
Methanosarcina 0.58 -0.75 -0.50 0.57 0.75 -0.37  0.70 0.26 -0.21 
Methanoculleus -0.58 0.48 0.42 -0.53 -0.48 0.04 
 
-0.42 -0.26 -0.09 





Supporting Table 15: Correlation values of the sub- optimal phase - part 2. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R2 R3 R6 R10 R16 R17 R20 R4 R15 R1 R5 
BiogasYield 0.37 0.38 0.39 0.47 -0.11 -0.16 -0.12 -0.38 -0.28 0.31 -0.12 
HRT -0.42 -0.48 -0.53 -0.57 0.00 0.07 0.02 0.36 0.24 -0.20 0.07 
CH4 -0.50 -0.54 -0.49 -0.61 -0.04 0.20 0.02 0.26 0.14 -0.25 0.03 
CO2 0.63 0.57 0.58 0.65 -0.13 -0.26 -0.18 -0.37 -0.30 0.35 -0.19 
Glycolate feed 0.42 0.48 0.53 0.57 0.00 -0.07 -0.02 -0.36 -0.24 0.20 -0.07 
pH -0.51 -0.59 -0.59 -0.54 -0.16 -0.14 -0.13 0.39 0.27 0.02 -0.01 
pHfeed 
           
Acetate 0.39 0.41 0.51 0.47 0.01 0.09 0.04 -0.43 -0.37 0.22 -0.12 
Propionate 0.06 0.11 0.17 0.12 0.22 0.33 0.26 0.11 0.12 -0.17 0.08 
Glyoxylate -0.31 -0.42 -0.43 -0.42 -0.18 -0.11 -0.19 0.30 0.19 -0.08 0.16 
R2 1.00 0.83 0.82 0.81 0.11 -0.03 0.08 -0.24 -0.16 0.05 -0.15 
R3 0.83 1.00 0.97 0.96 0.39 0.26 0.35 -0.32 -0.28 -0.13 0.16 
R6 0.82 0.97 1.00 0.96 0.28 0.18 0.25 -0.39 -0.35 -0.03 0.08 
R10 0.81 0.96 0.96 1.00 0.27 0.14 0.23 -0.35 -0.30 0.01 0.04 
R16 0.11 0.39 0.28 0.27 1.00 0.94 0.99 0.34 0.33 -0.75 0.80 
R17 -0.03 0.26 0.18 0.14 0.94 1.00 0.95 0.33 0.28 -0.74 0.82 
R20 0.08 0.35 0.25 0.23 0.99 0.95 1.00 0.31 0.30 -0.76 0.81 
R4 -0.24 -0.32 -0.39 -0.35 0.34 0.33 0.31 1.00 0.91 -0.55 0.28 
R15 -0.16 -0.28 -0.35 -0.30 0.33 0.28 0.30 0.91 1.00 -0.48 0.24 
R1 0.05 -0.13 -0.03 0.01 -0.75 -0.74 -0.76 -0.55 -0.48 1.00 -0.69 
R5 -0.15 0.16 0.08 0.04 0.80 0.82 0.81 0.28 0.24 -0.69 1.00 
R8 -0.37 -0.55 -0.56 -0.55 -0.23 -0.24 -0.20 0.01 0.04 0.15 0.00 
R9 0.60 0.88 0.79 0.82 0.69 0.58 0.67 -0.10 -0.09 -0.40 0.42 
R21 -0.37 -0.48 -0.37 -0.34 -0.54 -0.48 -0.53 -0.13 -0.13 0.55 -0.43 
R22 0.05 -0.10 -0.18 -0.15 0.14 0.05 0.11 0.59 0.74 -0.42 0.13 
R25 -0.24 -0.50 -0.52 -0.50 -0.30 -0.31 -0.31 0.54 0.64 -0.03 -0.31 
R26 0.14 0.09 0.19 0.23 -0.45 -0.47 -0.45 -0.37 -0.33 0.42 -0.34 
R27 -0.50 -0.74 -0.73 -0.76 -0.37 -0.36 -0.34 0.26 0.27 0.07 -0.23 
Ruminococcaceae 0.25 0.06 -0.01 0.13 -0.19 -0.18 -0.14 -0.11 -0.14 0.28 -0.16 
Symbiobacterium2 -0.02 0.07 -0.06 -0.08 0.41 0.32 0.32 0.32 0.25 -0.13 0.47 
67 bp 0.14 0.21 0.21 0.15 0.38 0.43 0.46 -0.04 -0.07 -0.18 0.37 
82 bp 0.02 0.09 0.06 0.11 0.05 0.16 0.06 -0.17 -0.13 0.17 -0.01 
Firmicutes2 -0.17 -0.20 -0.29 -0.31 0.25 0.25 0.22 0.39 0.39 -0.30 0.20 
195 bp 0.30 0.34 0.48 0.47 -0.20 -0.13 -0.10 -0.59 -0.61 0.26 -0.12 
Symbiobacterium3 0.39 0.32 0.41 0.38 -0.27 -0.16 -0.16 -0.56 -0.57 0.23 -0.25 
209 bp 0.31 0.53 0.55 0.62 0.20 0.16 0.21 -0.28 -0.24 0.08 0.12 
220 bp 0.16 0.25 0.42 0.43 -0.12 -0.08 -0.05 -0.53 -0.52 0.32 -0.05 
Anaerobaculum4 -0.01 -0.05 -0.01 0.06 0.08 0.03 0.06 0.23 0.27 0.14 0.03 
Chloroflexi 0.07 0.22 0.18 0.00 0.15 0.22 0.07 -0.04 -0.07 -0.04 0.22 
Symbiobacterium4 -0.30 -0.33 -0.43 -0.40 0.45 0.37 0.39 0.68 0.69 -0.46 0.40 
284 bp            
Planctomycetaceae 0.06 0.08 -0.04 -0.03 0.13 0.02 0.04 0.39 0.40 -0.48 0.07 
294 bp -0.26 -0.18 -0.26 -0.30 -0.04 0.04 -0.07 0.00 -0.04 0.04 0.13 
Petrotoga 0.02 -0.23 -0.31 -0.35 -0.06 -0.11 -0.15 0.39 0.35 -0.01 -0.07 
Haloplasmataceae 0.17 -0.13 -0.13 -0.18 0.01 -0.01 0.00 0.32 0.23 -0.19 0.00 
Bacteroidetes -0.10 -0.21 -0.19 -0.32 0.10 0.11 0.06 0.46 0.41 -0.27 0.15 
Methanosarcina 0.34 0.34 0.45 0.47 -0.02 0.03 0.09 -0.30 -0.29 0.12 -0.04 
Methanoculleus -0.04 -0.05 -0.10 -0.11 0.36 0.32 0.30 0.31 0.29 -0.11 0.28 





Supporting Table 16: Correlation values of the sub- optimal phase - part 3. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R8 R9 R21 R22 R25 R26 R27 Ruminococcaceae 
BiogasYield 0.10 0.24 -0.04 -0.12 -0.29 0.39 -0.29 0.17 
HRT 0.02 -0.32 0.09 0.03 0.30 -0.33 0.34 0.18 
CH4 -0.16 -0.40 0.14 -0.12 0.28 -0.45 0.32 0.08 
CO2 0.10 0.36 -0.30 0.08 -0.31 0.34 -0.28 0.14 
Glycolate feed -0.02 0.32 -0.09 -0.03 -0.30 0.33 -0.34 -0.18 
pH 0.22 -0.46 0.40 -0.06 0.27 -0.06 0.36 0.21 
pHfeed         
Acetate -0.38 0.34 -0.05 -0.37 -0.36 0.11 -0.42 -0.03 
Propionate -0.32 0.22 -0.13 -0.08 0.02 -0.21 -0.20 -0.11 
Glyoxylate 0.22 -0.39 0.15 0.13 0.11 0.11 0.19 -0.10 
R2 -0.37 0.60 -0.37 0.05 -0.24 0.14 -0.50 0.25 
R3 -0.55 0.88 -0.48 -0.10 -0.50 0.09 -0.74 0.06 
R6 -0.56 0.79 -0.37 -0.18 -0.52 0.19 -0.73 -0.01 
R10 -0.55 0.82 -0.34 -0.15 -0.50 0.23 -0.76 0.13 
R16 -0.23 0.69 -0.54 0.14 -0.30 -0.45 -0.37 -0.19 
R17 -0.24 0.58 -0.48 0.05 -0.31 -0.47 -0.36 -0.18 
R20 -0.20 0.67 -0.53 0.11 -0.31 -0.45 -0.34 -0.14 
R4 0.01 -0.10 -0.13 0.59 0.54 -0.37 0.26 -0.11 
R15 0.04 -0.09 -0.13 0.74 0.64 -0.33 0.27 -0.14 
R1 0.15 -0.40 0.55 -0.42 -0.03 0.42 0.07 0.28 
R5 0.00 0.42 -0.43 0.13 -0.31 -0.34 -0.23 -0.16 
R8 1.00 -0.50 0.06 0.27 0.26 0.00 0.75 0.16 
R9 -0.50 1.00 -0.61 -0.03 -0.49 -0.19 -0.68 0.07 
R21 0.06 -0.61 1.00 -0.40 0.09 0.43 0.10 0.11 
R22 0.27 -0.03 -0.40 1.00 0.66 -0.28 0.43 -0.20 
R25 0.26 -0.49 0.09 0.66 1.00 -0.22 0.67 -0.13 
R26 0.00 -0.19 0.43 -0.28 -0.22 1.00 -0.20 0.24 
R27 0.75 -0.68 0.10 0.43 0.67 -0.20 1.00 -0.05 
Ruminococcaceae 0.16 0.07 0.11 -0.20 -0.13 0.24 -0.05 1.00 
Symbiobacterium2 -0.28 0.19 -0.30 0.08 0.02 -0.38 -0.24 -0.14 
67 bp 0.29 0.27 -0.39 0.02 -0.12 -0.07 0.00 -0.22 
82 bp -0.03 0.21 -0.12 0.06 -0.07 -0.16 -0.15 0.12 
Firmicutes2 -0.23 0.00 -0.17 0.28 0.19 -0.62 0.15 0.18 
195 bp 0.19 0.09 0.22 -0.46 -0.50 0.60 -0.29 0.03 
Symbiobacterium3 0.22 0.10 0.13 -0.33 -0.31 0.50 -0.15 0.09 
209 bp -0.50 0.65 0.02 -0.35 -0.39 0.08 -0.69 -0.11 
220 bp 0.14 0.06 0.18 -0.36 -0.45 0.51 -0.28 -0.11 
Anaerobaculum4 -0.32 -0.01 0.03 0.15 0.02 -0.01 -0.04 -0.01 
Chloroflexi -0.04 0.07 -0.07 0.06 -0.07 -0.07 -0.11 -0.12 
Symbiobacterium4 0.19 -0.11 -0.45 0.67 0.44 -0.65 0.34 -0.09 
284 bp         
Planctomycetaceae -0.22 0.09 -0.21 0.45 0.35 -0.36 -0.01 -0.35 
294 bp 0.04 -0.11 0.02 -0.11 0.18 -0.15 0.07 -0.12 
Petrotoga 0.02 -0.30 0.22 0.12 0.40 -0.08 0.05 -0.08 
Haloplasmataceae -0.03 -0.28 0.22 -0.02 0.08 0.03 0.08 0.02 
Bacteroidetes 0.05 -0.34 -0.09 0.42 0.22 -0.21 0.33 -0.19 
Methanosarcina 0.06 0.27 0.05 -0.26 -0.41 0.30 -0.37 -0.08 
Methanoculleus -0.33 0.05 -0.16 0.13 0.01 -0.40 -0.08 -0.07 





Supporting Table 17: Correlation values of the sub- optimal phase - part 4. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Symbiobacterium2 67 bp 82 bp Firmicutes2 195 bp Symbiobacterium3 
BiogasYield -0.36 0.41 -0.08 -0.59 0.47 0.42 
HRT 0.53 -0.49 0.04 0.53 -0.73 -0.60 
CH4 0.34 -0.37 0.51 0.64 -0.67 -0.49 
CO2 -0.54 0.25 -0.33 -0.63 0.57 0.46 
Glycolate feed -0.53 0.49 -0.04 -0.53 0.73 0.60 
pH 0.07 -0.64 -0.39 0.24 -0.35 -0.53 
pHfeed       
Acetate -0.61 0.26 0.01 -0.59 0.72 0.65 
Propionate -0.20 0.36 -0.34 -0.18 -0.13 -0.11 
Glyoxylate 0.38 -0.20 -0.31 0.08 -0.20 -0.32 
R2 -0.02 0.14 0.02 -0.17 0.30 0.39 
R3 0.07 0.21 0.09 -0.20 0.34 0.32 
R6 -0.06 0.21 0.06 -0.29 0.48 0.41 
R10 -0.08 0.15 0.11 -0.31 0.47 0.38 
R16 0.41 0.38 0.05 0.25 -0.20 -0.27 
R17 0.32 0.43 0.16 0.25 -0.13 -0.16 
R20 0.32 0.46 0.06 0.22 -0.10 -0.16 
R4 0.32 -0.04 -0.17 0.39 -0.59 -0.56 
R15 0.25 -0.07 -0.13 0.39 -0.61 -0.57 
R1 -0.13 -0.18 0.17 -0.30 0.26 0.23 
R5 0.47 0.37 -0.01 0.20 -0.12 -0.25 
R8 -0.28 0.29 -0.03 -0.23 0.19 0.22 
R9 0.19 0.27 0.21 0.00 0.09 0.10 
R21 -0.30 -0.39 -0.12 -0.17 0.22 0.13 
R22 0.08 0.02 0.06 0.28 -0.46 -0.33 
R25 0.02 -0.12 -0.07 0.19 -0.50 -0.31 
R26 -0.38 -0.07 -0.16 -0.62 0.60 0.50 
R27 -0.24 0.00 -0.15 0.15 -0.29 -0.15 
Ruminococcaceae -0.14 -0.22 0.12 0.18 0.03 0.09 
Symbiobacterium2 1.00 0.14 0.10 0.30 -0.50 -0.44 
67 bp 0.14 1.00 0.02 -0.37 0.29 0.38 
82 bp 0.10 0.02 1.00 0.13 0.15 0.37 
Firmicutes2 0.30 -0.37 0.13 1.00 -0.70 -0.62 
195 bp -0.50 0.29 0.15 -0.70 1.00 0.89 
Symbiobacterium3 -0.44 0.38 0.37 -0.62 0.89 1.00 
209 bp -0.08 0.06 0.23 -0.05 0.24 0.15 
220 bp -0.48 0.25 0.15 -0.72 0.90 0.75 
Anaerobaculum4 -0.05 -0.18 -0.06 0.44 -0.29 -0.36 
Chloroflexi 0.17 -0.20 0.06 0.00 -0.11 -0.10 
Symbiobacterium4 0.54 0.05 0.22 0.54 -0.58 -0.52 
284 bp       
Planctomycetaceae 0.51 -0.21 0.15 0.12 -0.31 -0.23 
294 bp 0.34 0.24 -0.26 -0.10 -0.11 -0.10 
Petrotoga 0.61 -0.07 -0.21 0.09 -0.31 -0.27 
Haloplasmataceae 0.22 -0.15 -0.33 0.28 -0.14 -0.16 
Bacteroidetes 0.08 -0.30 -0.43 0.26 -0.31 -0.44 
Methanosarcina -0.22 0.44 0.13 -0.40 0.67 0.55 
Methanoculleus 0.48 -0.19 0.25 0.68 -0.52 -0.46 





Supporting Table 18: Correlation values of the sub- optimal phase - part 5. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 209 bp 220 bp Anaerobaculum4 Chloroflexi Symbiobacterium4 284 bp 
BiogasYield 0.30 0.41 -0.09 -0.30 -0.35  
HRT -0.43 -0.69 -0.01 0.14 0.38 
 
CH4 -0.16 -0.68 0.09 0.38 0.49  
CO2 0.14 0.57 -0.03 -0.17 -0.60  
Glycolate feed 0.43 0.69 0.01 -0.14 -0.38  
pH -0.09 -0.34 0.09 -0.03 -0.02  
pHfeed       
Acetate 0.52 0.62 -0.05 -0.16 -0.83 
 
Propionate 0.38 -0.15 0.06 -0.05 -0.22  
Glyoxylate -0.16 -0.20 -0.05 0.32 0.08  
R2 0.31 0.16 -0.01 0.07 -0.30  
R3 0.53 0.25 -0.05 0.22 -0.33  
R6 0.55 0.42 -0.01 0.18 -0.43  
R10 0.62 0.43 0.06 0.00 -0.40 
 
R16 0.20 -0.12 0.08 0.15 0.45  
R17 0.16 -0.08 0.03 0.22 0.37  
R20 0.21 -0.05 0.06 0.07 0.39  
R4 -0.28 -0.53 0.23 -0.04 0.68  
R15 -0.24 -0.52 0.27 -0.07 0.69  
R1 0.08 0.32 0.14 -0.04 -0.46 
 
R5 0.12 -0.05 0.03 0.22 0.40  
R8 -0.50 0.14 -0.32 -0.04 0.19  
R9 0.65 0.06 -0.01 0.07 -0.11  
R21 0.02 0.18 0.03 -0.07 -0.45  
R22 -0.35 -0.36 0.15 0.06 0.67  
R25 -0.39 -0.45 0.02 -0.07 0.44 
 
R26 0.08 0.51 -0.01 -0.07 -0.65  
R27 -0.69 -0.28 -0.04 -0.11 0.34  
Ruminococcaceae -0.11 -0.11 -0.01 -0.12 -0.09  
Symbiobacterium2 -0.08 -0.48 -0.05 0.17 0.54  
67 bp 0.06 0.25 -0.18 -0.20 0.05  
82 bp 0.23 0.15 -0.06 0.06 0.22 
 
Firmicutes2 -0.05 -0.72 0.44 0.00 0.54  
195 bp 0.24 0.90 -0.29 -0.11 -0.58  
Symbiobacterium3 0.15 0.75 -0.36 -0.10 -0.52  
209 bp 1.00 0.15 0.09 -0.13 -0.33  
220 bp 0.15 1.00 -0.16 -0.12 -0.43  
Anaerobaculum4 0.09 -0.16 1.00 -0.13 0.14 
 
Chloroflexi -0.13 -0.12 -0.13 1.00 0.00  
Symbiobacterium4 -0.33 -0.43 0.14 0.00 1.00  
284 bp      1.00 
Planctomycetaceae 0.02 -0.31 -0.37 0.26 0.35  
294 bp -0.16 -0.12 -0.26 -0.05 -0.06  
Petrotoga -0.25 -0.34 -0.23 0.25 0.25 
 
Haloplasmataceae -0.28 -0.27 0.07 0.10 0.02  
Bacteroidetes -0.56 -0.20 0.30 0.32 0.23  
Methanosarcina 0.57 0.53 -0.11 -0.28 -0.24  
Methanoculleus -0.10 -0.47 0.58 0.19 0.41  





Supporting Table 19: Correlation values of the sub- optimal phase - part 6. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Planctomycetaceae 294 bp Petrotoga Haloplasmataceae Bacteroidetes 
BiogasYield -0.59  -0.35 -0.43 -0.65 
HRT 0.48 0.14 0.38 0.37 0.43 
CH4 0.46 -0.10 0.27 0.11 0.28 
CO2 -0.64 -0.10 -0.51 -0.40 -0.29 
Glycolate feed -0.48 -0.14 -0.38 -0.37 -0.43 
pH 0.25 0.07 0.23 0.25 0.26 
pHfeed      
Acetate -0.38 -0.16 -0.46 -0.20 -0.42 
Propionate -0.06 -0.05 -0.15 -0.26 -0.26 
Glyoxylate 0.26 0.42 0.54 0.34 0.37 
R2 0.06 -0.26 0.02 0.17 -0.10 
R3 0.08 -0.18 -0.23 -0.13 -0.21 
R6 -0.04 -0.26 -0.31 -0.13 -0.19 
R10 -0.03 -0.30 -0.35 -0.18 -0.32 
R16 0.13 -0.04 -0.06 0.01 0.10 
R17 0.02 0.04 -0.11 -0.01 0.11 
R20 0.04 -0.07 -0.15 0.00 0.06 
R4 0.39 0.00 0.39 0.32 0.46 
R15 0.40 -0.04 0.35 0.23 0.41 
R1 -0.48 0.04 -0.01 -0.19 -0.27 
R5 0.07 0.13 -0.07 0.00 0.15 
R8 -0.22 0.04 0.02 -0.03 0.05 
R9 0.09 -0.11 -0.30 -0.28 -0.34 
R21 -0.21 0.02 0.22 0.22 -0.09 
R22 0.45 -0.11 0.12 -0.02 0.42 
R25 0.35 0.18 0.40 0.08 0.22 
R26 -0.36 -0.15 -0.08 0.03 -0.21 
R27 -0.01 0.07 0.05 0.08 0.33 
Ruminococcaceae -0.35 -0.12 -0.08 0.02 -0.19 
Symbiobacterium2 0.51 0.34 0.61 0.22 0.08 
67 bp -0.21 0.24 -0.07 -0.15 -0.30 
82 bp 0.15 -0.26 -0.21 -0.33 -0.43 
Firmicutes2 0.12 -0.10 0.09 0.28 0.26 
195 bp -0.31 -0.11 -0.31 -0.14 -0.31 
Symbiobacterium3 -0.23 -0.10 -0.27 -0.16 -0.44 
209 bp 0.02 -0.16 -0.25 -0.28 -0.56 
220 bp -0.31 -0.12 -0.34 -0.27 -0.20 
Anaerobaculum4 -0.37 -0.26 -0.23 0.07 0.30 
Chloroflexi 0.26 -0.05 0.25 0.10 0.32 
Symbiobacterium4 0.35 -0.06 0.25 0.02 0.23 
284 bp      
Planctomycetaceae 1.00 0.03 0.45 0.08 0.16 
294 bp 0.03 1.00 0.46 0.20 0.06 
Petrotoga 0.45 0.46 1.00 0.49 0.23 
Haloplasmataceae 0.08 0.20 0.49 1.00 0.59 
Bacteroidetes 0.16 0.06 0.23 0.59 1.00 
Methanosarcina -0.15 -0.28 -0.17 -0.25 -0.50 
Methanoculleus 0.10 -0.10 0.10 0.35 0.34 





Supporting Table 20: Correlation values of the sub- optimal phase - part 7. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Methanosarcina Methanculleus Uncharacterized 
BiogasYield 0.58 -0.58 0.53 
HRT -0.75 0.48 -0.39 
CH4 -0.50 0.42 -0.35 
CO2 0.57 -0.53 0.46 
Glycolate feed 0.75 -0.48 0.39 
pH -0.37 0.04 0.02 
pHfeed    
Acetate 0.70 -0.42 0.31 
Propionate 0.26 -0.26 0.30 
Glyoxylate -0.21 -0.09 0.11 
R2 0.34 -0.04 0.03 
R3 0.34 -0.05 0.01 
R6 0.45 -0.10 0.04 
R10 0.47 -0.11 0.03 
R16 -0.02 0.36 -0.35 
R17 0.03 0.32 -0.31 
R20 0.09 0.30 -0.29 
R4 -0.30 0.31 -0.22 
R15 -0.29 0.29 -0.21 
R1 0.12 -0.11 0.03 
R5 -0.04 0.28 -0.28 
R8 0.06 -0.33 0.36 
R9 0.27 0.05 -0.10 
R21 0.05 -0.16 0.10 
R22 -0.26 0.13 -0.04 
R25 -0.41 0.01 0.09 
R26 0.30 -0.40 0.32 
R27 -0.37 -0.08 0.19 
Ruminococcaceae -0.08 -0.07 0.05 
Symbiobacterium2 -0.22 0.48 -0.45 
67 bp 0.44 -0.19 0.17 
82 bp 0.13 0.25 -0.32 
Firmicutes2 -0.40 0.68 -0.63 
195 bp 0.67 -0.52 0.41 
Symbiobacterium3 0.55 -0.46 0.38 
209 bp 0.57 -0.10 -0.01 
220 bp 0.53 -0.47 0.38 
Anaerobaculum4 -0.11 0.58 -0.59 
Chloroflexi -0.28 0.19 -0.16 
Symbiobacterium4 -0.24 0.41 -0.36 
284 bp    
Planctomycetaceae -0.15 0.10 -0.05 
294 bp -0.28 -0.10 0.13 
Petrotoga -0.17 0.10 -0.05 
Haloplasmataceae -0.25 0.35 -0.29 
Bacteroidetes -0.50 0.34 -0.26 
Methanosarcina 1.00 -0.40 0.28 
Methanoculleus -0.40 1.00 -0.98 





Supporting Table 21: Correlation values of the cras h phase - part 1. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 BiogasYield HRT CH4 CO2 Glycolate pH pHfeed A P G 




        
CH4 -0.59  1.00 -0.84 0.24 0.02  0.39 0.14  
CO2 0.65  -0.84 1.00 -0.24 0.10  -0.37 -0.27  
Glycolate feed -0.87  0.24 -0.24 1.00 0.03  -0.19 0.74 0.47 
pH 0.15  0.02 0.10 0.03 1.00  0.42 -0.08 -0.32 
pHfeed       1.00    
Acetate 0.24 
 
0.39 -0.37 -0.19 0.42 
 
1.00 0.08 -0.03 
Propionate -0.55  0.14 -0.27 0.74 -0.08  0.08 1.00 0.20 
Glyoxylate -0.61    0.47 -0.32  -0.03 0.20 1.00 
R2 0.54  -0.23 0.08 -0.42 0.60  -0.06 -0.08 -0.56 
R3 0.42  0.31 -0.33 -0.24 0.73  0.38 0.14 -0.49 
R6 0.31  0.35 -0.26 -0.12 0.65  0.31 0.24 -0.49 
R10 0.34 
 
0.37 -0.27 -0.07 0.66 
 
0.54 0.33 -0.45 
R16 -0.21  -0.14 0.15 0.23 -0.22  0.10 0.02 0.27 
R17 -0.48  -0.05 0.29 0.56 -0.42  -0.16 0.31 0.08 
R20 -0.15  -0.14 0.15 0.18 -0.16  0.14 0.00 0.25 
R4 -0.18  -0.63 0.41 0.18 -0.45  -0.42 0.01 0.35 
R15 0.47  -0.44 0.15 -0.51 0.18  -0.31 -0.43 -0.09 
R1 0.63 
 
-0.39 0.23 -0.63 0.38 
 
-0.22 -0.37 -0.48 
R5 -0.36  -0.15 0.17 0.34 -0.31  0.06 0.05 0.40 
R8 -0.40  -0.31 0.06 0.12 -0.63  -0.46 -0.23 0.56 
R9 -0.16  0.28 -0.26 0.29 0.02  0.60 0.40 0.10 
R21 -0.02  0.37 -0.09 -0.05 0.23  -0.13 -0.15 0.21 
R22 -0.35  0.00 -0.14 0.10 -0.50  -0.45 -0.40 0.49 
R25 -0.10 
 
-0.18 0.05 -0.12 -0.28 
 
-0.56 -0.40 0.24 
R26 -0.49  0.57 -0.36 0.49 -0.06  0.16 0.28 0.25 
R27 -0.45  -0.31 0.03 0.15 -0.74  -0.58 -0.22 0.49 
Ruminococcaceae 0.28  -0.32 0.63 0.33 0.24  -0.08 0.78 -0.33 
Symbiobacterium2           
67 bp -0.62  0.00 -0.40 0.76 -0.69  -0.63 0.18 0.23 
82 bp 0.74 
 
0.21 0.11 -0.81 0.82 
 
0.75 -0.34 -0.16 
Firmicutes2           
195 bp 0.53  0.63 -0.11 -0.52 0.71  0.85 0.22 -0.30 
Symbiobacterium3 0.84  0.21 0.11 -0.87 0.88  0.75 -0.22 -0.43 
209 bp -0.10  0.80 -0.40 0.00 0.04  0.32 0.11 0.05 
220 bp 0.62  -0.26 0.26 -0.65 0.58  0.59 -0.35 -0.22 
Anaerobaculum4 0.74 
 
0.21 0.11 -0.81 0.72 
 
0.62 -0.18 -0.53 
Chloroflexi -0.56  0.95 -0.74 0.54 -0.48  -0.09 0.51 -0.12 
Symbiobacterium4 0.62  -0.26 0.26 -0.65 0.58  0.59 -0.35 -0.22 
284 bp           
Planctomycetaceae 0.95  0.00 0.40 -0.81 0.92  0.55 -0.04 -0.53 
294 bp           
Petrotoga 
          
Haloplasmataceae 0.62  -0.26 0.26 -0.65 0.58  0.59 -0.35 -0.22 
Bacteroidetes 0.95  0.00 0.40 -0.81 0.92  0.55 -0.04 -0.53 
Methansarcina -0.03  -0.40 0.00 -0.25 -0.18  -0.22 -0.67 0.11 
Methanoculleus 0.94  -0.60 0.80 -0.77 0.93  0.52 0.04 -0.42 





Supporting Table 22: Correlation values of the cras h phase - part 2. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R2 R3 R6 R10 R16 R17 R20 R4 R15 R1 
BiogasYield 0.54 0.42 0.31 0.34 -0.21 -0.48 -0.15 -0.18 0.47 0.63 
HRT 
          
CH4 -0.23 0.31 0.35 0.37 -0.14 -0.05 -0.14 -0.63 -0.44 -0.39 
CO2 0.08 -0.33 -0.26 -0.27 0.15 0.29 0.15 0.41 0.15 0.23 
Glycolate feed -0.42 -0.24 -0.12 -0.07 0.23 0.56 0.18 0.18 -0.51 -0.63 
pH 0.60 0.73 0.65 0.66 -0.22 -0.42 -0.16 -0.45 0.18 0.38 
pHfeed           
Acetate -0.06 0.38 0.31 0.54 0.10 -0.16 0.14 -0.42 -0.31 -0.22 
Propionate -0.08 0.14 0.24 0.33 0.02 0.31 0.00 0.01 -0.43 -0.37 
Glyoxylate -0.56 -0.49 -0.49 -0.45 0.27 0.08 0.25 0.35 -0.09 -0.48 
R2 1.00 0.64 0.67 0.51 -0.74 -0.64 -0.70 -0.12 0.49 0.84 
R3 0.64 1.00 0.95 0.84 -0.27 -0.54 -0.21 -0.67 0.04 0.25 
R6 0.67 0.95 1.00 0.88 -0.44 -0.48 -0.39 -0.65 -0.07 0.26 
R10 0.51 0.84 0.88 1.00 -0.32 -0.30 -0.27 -0.65 -0.21 0.10 
R16 -0.74 -0.27 -0.44 -0.32 1.00 0.56 0.99 -0.11 -0.31 -0.73 
R17 -0.64 -0.54 -0.48 -0.30 0.56 1.00 0.50 0.12 -0.55 -0.63 
R20 -0.70 -0.21 -0.39 -0.27 0.99 0.50 1.00 -0.14 -0.29 -0.70 
R4 -0.12 -0.67 -0.65 -0.65 -0.11 0.12 -0.14 1.00 0.49 0.20 
R15 0.49 0.04 -0.07 -0.21 -0.31 -0.55 -0.29 0.49 1.00 0.68 
R1 0.84 0.25 0.26 0.10 -0.73 -0.63 -0.70 0.20 0.68 1.00 
R5 -0.77 -0.37 -0.52 -0.42 0.96 0.55 0.94 -0.02 -0.37 -0.74 
R8 -0.47 -0.56 -0.60 -0.73 0.38 0.09 0.35 0.28 0.10 -0.27 
R9 -0.50 0.19 0.14 0.32 0.66 0.32 0.68 -0.49 -0.61 -0.72 
R21 0.30 0.14 0.29 0.22 -0.56 -0.27 -0.57 -0.07 0.06 0.14 
R22 -0.23 -0.66 -0.68 -0.74 -0.11 0.02 -0.14 0.64 0.35 0.10 
R25 0.22 -0.42 -0.38 -0.55 -0.49 -0.29 -0.53 0.64 0.59 0.49 
R26 -0.18 -0.03 0.10 0.28 -0.14 0.39 -0.16 -0.22 -0.52 -0.39 
R27 -0.26 -0.75 -0.70 -0.83 -0.07 0.07 -0.12 0.64 0.29 0.05 
Ruminococcaceae 0.23 0.45 0.45 0.31 0.33 0.49 0.33 -0.31 -0.76 -0.31 
Symbiobacterium2           
67 bp -0.74 -0.50 -0.48 -0.43 0.90 0.66 0.90 0.41 -0.17 -0.45 
82 bp 0.72 0.58 0.65 0.67 -0.91 -0.77 -0.91 -0.52 -0.04 0.34 
Firmicutes2           
195 bp 0.59 0.71 0.66 0.68 -0.66 -0.40 -0.66 -0.65 -0.24 0.02 
Symbiobacterium3 0.85 0.76 0.76 0.79 -0.85 -0.59 -0.85 -0.70 -0.25 0.44 
209 bp 0.19 0.07 0.05 0.05 -0.60 -0.35 -0.60 -0.07 0.40 -0.17 
220 bp 0.41 0.25 0.25 0.41 -0.41 -0.25 -0.41 -0.17 -0.25 0.41 
Anaerobaculum4 0.85 0.65 0.58 0.61 -0.85 -0.45 -0.85 -0.58 -0.10 0.53 
Chloroflexi -0.30 -0.11 -0.25 -0.19 0.22 0.45 0.22 0.02 0.08 -0.44 
Symbiobacterium4 0.41 0.25 0.25 0.41 -0.41 -0.25 -0.41 -0.17 -0.25 0.41 
284 bp           
Planctomycetaceae 0.94 0.86 0.86 0.77 -0.68 -0.44 -0.68 -0.75 -0.41 0.49 
294 bp           
Petrotoga 
          
Haloplasmataceae 0.41 0.25 0.25 0.41 -0.41 -0.25 -0.41 -0.17 -0.25 0.41 
Bacteroidetes 0.94 0.86 0.86 0.77 -0.68 -0.44 -0.68 -0.75 -0.41 0.49 
Methansarcina 0.10 -0.45 -0.43 -0.38 -0.40 -0.30 -0.40 0.46 0.64 0.50 
Methanoculleus 0.81 0.78 0.78 0.66 -0.46 -0.36 -0.46 -0.63 -0.46 0.49 





Supporting Table 23: Correlation values of the cras h phase - part 3. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R5 R8 R9 R21 R22 R25 R26 R27 Ruminococcaceae 
BiogasYield -0.36 -0.40 -0.16 -0.02 -0.35 -0.10 -0.49 -0.45 0.28 
HRT 
         
CH4 -0.15 -0.31 0.28 0.37 0.00 -0.18 0.57 -0.31 -0.32 
CO2 0.17 0.06 -0.26 -0.09 -0.14 0.05 -0.36 0.03 0.63 
Glycolate feed 0.34 0.12 0.29 -0.05 0.10 -0.12 0.49 0.15 0.33 
pH -0.31 -0.63 0.02 0.23 -0.50 -0.28 -0.06 -0.74 0.24 
pHfeed          
Acetate 0.06 -0.46 0.60 -0.13 -0.45 -0.56 0.16 -0.58 -0.08 
Propionate 0.05 -0.23 0.40 -0.15 -0.40 -0.40 0.28 -0.22 0.78 
Glyoxylate 0.40 0.56 0.10 0.21 0.49 0.24 0.25 0.49 -0.33 
R2 -0.77 -0.47 -0.50 0.30 -0.23 0.22 -0.18 -0.26 0.23 
R3 -0.37 -0.56 0.19 0.14 -0.66 -0.42 -0.03 -0.75 0.45 
R6 -0.52 -0.60 0.14 0.29 -0.68 -0.38 0.10 -0.70 0.45 
R10 -0.42 -0.73 0.32 0.22 -0.74 -0.55 0.28 -0.83 0.31 
R16 0.96 0.38 0.66 -0.56 -0.11 -0.49 -0.14 -0.07 0.33 
R17 0.55 0.09 0.32 -0.27 0.02 -0.29 0.39 0.07 0.49 
R20 0.94 0.35 0.68 -0.57 -0.14 -0.53 -0.16 -0.12 0.33 
R4 -0.02 0.28 -0.49 -0.07 0.64 0.64 -0.22 0.64 -0.31 
R15 -0.37 0.10 -0.61 0.06 0.35 0.59 -0.52 0.29 -0.76 
R1 -0.74 -0.27 -0.72 0.14 0.10 0.49 -0.39 0.05 -0.31 
R5 1.00 0.48 0.57 -0.53 0.04 -0.36 -0.11 0.06 0.08 
R8 0.48 1.00 -0.16 -0.04 0.55 0.38 -0.12 0.76 -0.45 
R9 0.57 -0.16 1.00 -0.47 -0.59 -0.90 0.11 -0.53 0.73 
R21 -0.53 -0.04 -0.47 1.00 0.13 0.40 0.43 0.09 -0.33 
R22 0.04 0.55 -0.59 0.13 1.00 0.84 0.12 0.85 -0.73 
R25 -0.36 0.38 -0.90 0.40 0.84 1.00 -0.09 0.77 -0.73 
R26 -0.11 -0.12 0.11 0.43 0.12 -0.09 1.00 -0.03 -0.11 
R27 0.06 0.76 -0.53 0.09 0.85 0.77 -0.03 1.00 -0.59 
Ruminococcaceae 0.08 -0.45 0.73 -0.33 -0.73 -0.73 -0.11 -0.59 1.00 
Symbiobacterium2          
67 bp 0.76 0.64 0.45 -0.71 0.21 -0.07 -0.12 0.33 0.19 
82 bp -0.86 -0.67 -0.25 0.71 -0.36 -0.13 0.20 -0.49 -0.12 
Firmicutes2          
195 bp -0.56 -0.68 0.10 0.39 -0.51 -0.39 0.56 -0.63 0.03 
Symbiobacterium3 -0.79 -0.79 -0.16 0.46 -0.55 -0.33 0.27 -0.68 -0.05 
209 bp -0.52 -0.33 -0.24 0.74 0.12 0.24 0.21 0.05 -0.11 
220 bp -0.25 -0.41 -0.08 0.08 -0.25 -0.25 -0.08 -0.41 -0.22 
Anaerobaculum4 -0.74 -0.80 -0.32 0.46 -0.42 -0.19 0.14 -0.56 -0.12 
Chloroflexi 0.27 0.08 0.22 -0.19 0.11 -0.04 0.37 0.11 -0.01 
Symbiobacterium4 -0.25 -0.41 -0.08 0.08 -0.25 -0.25 -0.08 -0.41 -0.22 
284 bp          
Planctomycetaceae -0.72 -0.84 -0.08 0.32 -0.71 -0.43 0.10 -0.76 0.25 
294 bp          
Petrotoga 
         
Haloplasmataceae -0.25 -0.41 -0.08 0.08 -0.25 -0.25 -0.08 -0.41 -0.22 
Bacteroidetes -0.72 -0.84 -0.08 0.32 -0.71 -0.43 0.10 -0.76 0.25 
Methansarcina -0.29 0.05 -0.76 0.50 0.55 0.67 -0.60 0.48 -0.48 
Methanoculleus -0.46 -0.66 0.00 0.12 -0.68 -0.44 0.05 -0.71 0.27 





Supporting Table 24: Correlation values of the cras h phase - part 4. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Symbiobacterium2 67 bp 82 bp Firmicutes2 195 bp Symbiobacterium3 
BiogasYield  -0.62 0.74  0.53 0.84 
HRT 
      
CH4  0.00 0.21  0.63 0.21 
CO2  -0.40 0.11  -0.11 0.11 
Glycolate feed  0.76 -0.81  -0.52 -0.87 
pH  -0.69 0.82  0.71 0.88 






Propionate  0.18 -0.34  0.22 -0.22 
Glyoxylate  0.23 -0.16  -0.30 -0.43 
R2  -0.74 0.72  0.59 0.85 
R3  -0.50 0.58  0.71 0.76 






R16  0.90 -0.91  -0.66 -0.85 
R17  0.66 -0.77  -0.40 -0.59 
R20  0.90 -0.91  -0.66 -0.85 
R4  0.41 -0.52  -0.65 -0.70 






R5  0.76 -0.86  -0.56 -0.79 
R8  0.64 -0.67  -0.68 -0.79 
R9  0.45 -0.25  0.10 -0.16 
R21  -0.71 0.71  0.39 0.46 






R26  -0.12 0.20  0.56 0.27 
R27  0.33 -0.49  -0.63 -0.68 
Ruminococcaceae  0.19 -0.12  0.03 -0.05 
Symbiobacterium2 1.00      






Firmicutes2    1.00   
195 bp  -0.78 0.69  1.00 0.81 
Symbiobacterium3  -0.85 0.93  0.81 1.00 
209 bp  -0.62 0.39  0.51 0.27 






Chloroflexi  0.11 -0.44  0.22 -0.31 
Symbiobacterium4  -0.41 0.62  0.42 0.66 
284 bp       
Planctomycetaceae  -0.75 0.80  0.66 0.90 
294 bp       
Petrotoga 
      
Haloplasmataceae  -0.41 0.62  0.42 0.66 
Bacteroidetes  -0.75 0.80  0.66 0.90 
Methansarcina  -0.29 0.27  -0.27 0.05 
Methanoculleus  -0.61 0.65  0.57 0.78 





Supporting Table 25: Correlation values of the cras h phase - part 5. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 209 bp 220 bp Anaerobaculum4 Chloroflexi Symbiobacterium4 284 bp 
BiogasYield -0.10 0.62 0.74 -0.56 0.62  
HRT 
      
CH4 0.80 -0.26 0.21 0.95 -0.26  
CO2 -0.40 0.26 0.11 -0.74 0.26  
Glycolate feed 0.00 -0.65 -0.81 0.54 -0.65  
pH 0.04 0.58 0.72 -0.48 0.58  
pHfeed       
Acetate 0.32 0.59 0.62 -0.09 0.59 
 
Propionate 0.11 -0.35 -0.18 0.51 -0.35  
Glyoxylate 0.05 -0.22 -0.53 -0.12 -0.22  
R2 0.19 0.41 0.85 -0.30 0.41  
R3 0.07 0.25 0.65 -0.11 0.25  
R6 0.05 0.25 0.58 -0.25 0.25  
R10 0.05 0.41 0.61 -0.19 0.41 
 
R16 -0.60 -0.41 -0.85 0.22 -0.41  
R17 -0.35 -0.25 -0.45 0.45 -0.25  
R20 -0.60 -0.41 -0.85 0.22 -0.41  
R4 -0.07 -0.17 -0.58 0.02 -0.17  
R15 0.40 -0.25 -0.10 0.08 -0.25  
R1 -0.17 0.41 0.53 -0.44 0.41 
 
R5 -0.52 -0.25 -0.74 0.27 -0.25  
R8 -0.33 -0.41 -0.80 0.08 -0.41  
R9 -0.24 -0.08 -0.32 0.22 -0.08  
R21 0.74 0.08 0.46 -0.19 0.08  
R22 0.12 -0.25 -0.42 0.11 -0.25  
R25 0.24 -0.25 -0.19 -0.04 -0.25 
 
R26 0.21 -0.08 0.14 0.37 -0.08  
R27 0.05 -0.41 -0.56 0.11 -0.41  
Ruminococcaceae -0.11 -0.22 -0.12 -0.01 -0.22  
Symbiobacterium2       
67 bp -0.62 -0.41 -0.91 0.11 -0.41  
82 bp 0.39 0.62 0.83 -0.44 0.62 
 
Firmicutes2       
195 bp 0.51 0.42 0.82 0.22 0.42  
Symbiobacterium3 0.27 0.66 0.93 -0.31 0.66  
209 bp 1.00 -0.08 0.46 0.46 -0.08  
220 bp -0.08 1.00 0.62 -0.35 1.00  
Anaerobaculum4 0.46 0.62 1.00 -0.07 0.62 
 
Chloroflexi 0.46 -0.35 -0.07 1.00 -0.35  
Symbiobacterium4 -0.08 1.00 0.62 -0.35 1.00  
284 bp      1.00 
Planctomycetaceae 0.10 0.44 0.80 -0.44 0.44  
294 bp       
Petrotoga 
      
Haloplasmataceae -0.08 1.00 0.62 -0.35 1.00  
Bacteroidetes 0.10 0.44 0.80 -0.44 0.44  
Methansarcina 0.33 0.25 0.20 -0.28 0.25  
Methanoculleus -0.15 0.42 0.65 -0.51 0.42  





Supporting Table 26: Correlation values of the cras h phase - part 6. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Planctomycetaceae 294 bp Petrotoga Haloplasmataceae Bacteroidetes 
BiogasYield 0.95   0.62 0.95 
HRT 
     
CH4 0.00   -0.26 0.00 
CO2 0.40   0.26 0.40 
Glycolate feed -0.81   -0.65 -0.81 
pH 0.92   0.58 0.92 




Propionate -0.04   -0.35 -0.04 
Glyoxylate -0.53   -0.22 -0.53 
R2 0.94   0.41 0.94 
R3 0.86   0.25 0.86 




R16 -0.68   -0.41 -0.68 
R17 -0.44   -0.25 -0.44 
R20 -0.68   -0.41 -0.68 
R4 -0.75   -0.17 -0.75 




R5 -0.72   -0.25 -0.72 
R8 -0.84   -0.41 -0.84 
R9 -0.08   -0.08 -0.08 
R21 0.32   0.08 0.32 




R26 0.10   -0.08 0.10 
R27 -0.76   -0.41 -0.76 
Ruminococcaceae 0.25   -0.22 0.25 
Symbiobacterium2      
67 bp -0.75   -0.41 -0.75 
82 bp 0.80 
  
0.62 0.80 
Firmicutes2      
195 bp 0.66   0.42 0.66 
Symbiobacterium3 0.90   0.66 0.90 
209 bp 0.10   -0.08 0.10 




Chloroflexi -0.44   -0.35 -0.44 
Symbiobacterium4 0.44   1.00 0.44 
284 bp      
Planctomycetaceae 1.00   0.44 1.00 





Haloplasmataceae 0.44   1.00 0.44 
Bacteroidetes 1.00   0.44 1.00 
Methansarcina -0.08   0.25 -0.08 
Methanoculleus 0.94   0.42 0.94 





Supporting Table 27: Correlation values of the cras h phase - part 7. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Methanosarcina Methanoculleus uncharacterized 
BiogasYield -0.03 0.94 -0.70 
HRT 
   
CH4 -0.40 -0.60 0.60 
CO2 0.00 0.80 -0.80 
Glycolate feed -0.25 -0.77 0.76 
pH -0.18 0.93 -0.57 
pHfeed    
Acetate -0.22 0.52 -0.17 
Propionate -0.67 0.04 0.49 
Glyoxylate 0.11 -0.42 0.17 
R2 0.10 0.81 -0.69 
R3 -0.45 0.78 -0.24 
R6 -0.43 0.78 -0.29 
R10 -0.38 0.66 -0.19 
R16 -0.40 -0.46 0.67 
R17 -0.30 -0.36 0.55 
R20 -0.40 -0.46 0.67 
R4 0.46 -0.63 0.11 
R15 0.64 -0.46 -0.17 
R1 0.50 0.49 -0.74 
R5 -0.29 -0.46 0.62 
R8 0.05 -0.66 0.45 
R9 -0.76 0.00 0.60 
R21 0.50 0.12 -0.55 
R22 0.55 -0.68 0.10 
R25 0.67 -0.44 -0.21 
R26 -0.60 0.05 0.48 
R27 0.48 -0.71 0.14 
Ruminococcaceae -0.48 0.27 0.09 
Symbiobacterium2    
67 bp -0.29 -0.61 0.67 
82 bp 0.27 0.65 -0.71 
Firmicutes2    
195 bp -0.27 0.57 -0.15 
Symbiobacterium3 0.05 0.78 -0.60 
209 bp 0.33 -0.15 -0.14 
220 bp 0.25 0.42 -0.41 
Anaerobaculum4 0.20 0.65 -0.58 
Chloroflexi -0.28 -0.51 0.71 
Symbiobacterium4 0.25 0.42 -0.41 
284 bp    
Planctomycetaceae -0.08 0.94 -0.67 
294 bp    
Petrotoga 
   
Haloplasmataceae 0.25 0.42 -0.41 
Bacteroidetes -0.08 0.94 -0.67 
Methansarcina 1.00 -0.24 -0.62 
Methanoculleus -0.24 1.00 -0.59 





Supporting Table 28: Correlation values of the opti mal phase - part 1. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 BGY HRT CH4 CO2 Glycolate pH pHfeed A P G 
BiogasYield 1.00 -0.69 -0.90 0.82 0.69 -0.04  -0.34 -0.29  




CH4 -0.90 0.22 1.00 -0.97 -0.22 -1.00     
CO2 0.82 -0.34 -0.97 1.00 0.34 1.00     
Glycolate feed 0.69 -0.96 -0.22 0.34 1.00 -0.14  -0.31 -0.37  
pH -0.04 0.14 -1.00 1.00 -0.14 1.00  0.15 0.24  
pHfeed       1.00    






Propionate -0.29 0.37   -0.37 0.24  0.78 1.00  
Glyoxylate          1.00 
R2 0.53 -0.69 1.00 -0.87 0.69 -0.27  -0.24 -0.30  
R3 0.65 -0.80 1.00 -0.87 0.80 -0.18  -0.29 -0.33  
R6 0.54 -0.64 1.00 -0.87 0.64 -0.20  -0.35 -0.32  




R16 -0.17 0.16 -1.00 0.87 -0.16 0.24  0.11 0.16  
R17 -0.33 0.34 -0.50 0.00 -0.34 0.21  0.19 0.23  
R20 -0.09 0.05 -1.00 0.87 -0.05 0.23  0.05 0.10  
R4 -0.59 0.71 -1.00 0.87 -0.71 0.24  0.30 0.31  
R15 -0.55 0.72 -0.50 0.87 -0.72 0.32  0.28 0.29  




R5 -0.39 0.51 1.00 -0.87 -0.51 0.24  0.07 0.13  
R8 -0.37 0.50 -0.50 0.87 -0.50 0.23  0.20 0.23  
R9 -0.02 0.12 -0.50 0.87 -0.12 0.15  0.08 0.12  
R21 -0.22 0.20 -0.50 0.87 -0.20 0.03  -0.06 -0.03  
R22 -0.51 0.67 -0.50 0.87 -0.67 0.30  0.18 0.25  




R26 0.27 -0.22 -0.50 0.87 0.22 -0.03  -0.24 -0.25  
R27 -0.50 0.67 -0.50 0.87 -0.67 0.30  0.19 0.24  
Ruminococcaceae -0.31 0.52   -0.52 0.18  0.15 0.15  
Symbiobacterium2 -0.02 0.51   -0.51 0.28  0.35 0.35  
67 bp 0.50 -0.46 1.00 -1.00 0.46 0.27  -0.15 -0.15  




Firmicutes2 -0.70 0.77   -0.77 0.14  0.44 0.44  
195 bp 0.35 -0.51 -1.00 1.00 0.51 -0.07  -0.24 -0.24  
Symbiobacterium3 0.37 -0.68 1.00 -1.00 0.68 -0.05  -0.11 -0.11  
209 bp -0.38 0.30 -1.00 1.00 -0.30 -0.30  -0.10 -0.10  
220 bp -0.62 0.71   -0.71 0.40  0.70 0.70  




Chloroflexi 0.44 -0.45 1.00 -1.00 0.45 -0.50  -0.46 -0.46  
Symbiobacterium4 -0.58 0.55   -0.55 0.19  0.35 0.35  
284 bp -0.47 0.48   -0.48 0.29  0.40 0.40  
Planctomycetaceae 0.19 -0.59 1.00 -1.00 0.59 -0.04  -0.08 -0.08  
294 bp -0.22 -0.20   0.20 0.14  -0.07 -0.07  




Haloplasmataceae          
Bacteroidetes 0.24 -0.49 1.00 -1.00 0.49 -0.41  -0.03 -0.03  
Methanosarcina -0.24 0.69 1.00 -1.00 -0.69 0.24  0.51 0.51  
Methanoculleus -0.17 0.26 -1.00 1.00 -0.26 -0.20  -0.36 -0.36  





Supporting Table 29: Correlation values of the opti mal phase - part 2. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R2 R3 R6 R10 R16 R17 R20 R4 R15 R1 R5 
BiogasYield 0.53 0.65 0.54 0.63 -0.17 -0.33 -0.09 -0.59 -0.55 0.08 -0.39 
HRT -0.69 -0.80 -0.64 -0.71 0.16 0.34 0.05 0.71 0.72 -0.04 0.51 
CH4 1.00 1.00 1.00 1.00 -1.00 -0.50 -1.00 -1.00 -0.50 -1.00 1.00 
CO2 -0.87 -0.87 -0.87 -0.87 0.87 0.00 0.87 0.87 0.87 0.87 -0.87 
Glycolate feed 0.69 0.80 0.64 0.71 -0.16 -0.34 -0.05 -0.71 -0.72 0.04 -0.51 
pH -0.27 -0.18 -0.20 -0.24 0.24 0.21 0.23 0.24 0.32 -0.18 0.24 
pHfeed            
Acetate -0.24 -0.29 -0.35 -0.36 0.11 0.19 0.05 0.30 0.28 -0.13 0.07 
Propionate -0.30 -0.33 -0.32 -0.33 0.16 0.23 0.10 0.31 0.29 -0.11 0.13 
Glyoxylate            
R2 1.00 0.83 0.87 0.82 -0.70 -0.74 -0.64 -0.89 -0.84 0.26 -0.83 
R3 0.83 1.00 0.89 0.91 -0.44 -0.55 -0.34 -0.76 -0.74 -0.11 -0.68 
R6 0.87 0.89 1.00 0.95 -0.63 -0.71 -0.56 -0.84 -0.74 0.10 -0.73 
R10 0.82 0.91 0.95 1.00 -0.52 -0.61 -0.43 -0.84 -0.78 0.04 -0.72 
R16 -0.70 -0.44 -0.63 -0.52 1.00 0.93 0.96 0.60 0.42 -0.34 0.68 
R17 -0.74 -0.55 -0.71 -0.61 0.93 1.00 0.89 0.69 0.51 -0.28 0.69 
R20 -0.64 -0.34 -0.56 -0.43 0.96 0.89 1.00 0.51 0.34 -0.33 0.66 
R4 -0.89 -0.76 -0.84 -0.84 0.60 0.69 0.51 1.00 0.92 -0.39 0.73 
R15 -0.84 -0.74 -0.74 -0.78 0.42 0.51 0.34 0.92 1.00 -0.35 0.62 
R1 0.26 -0.11 0.10 0.04 -0.34 -0.28 -0.33 -0.39 -0.35 1.00 -0.09 
R5 -0.83 -0.68 -0.73 -0.72 0.68 0.69 0.66 0.73 0.62 -0.09 1.00 
R8 -0.75 -0.57 -0.71 -0.68 0.44 0.46 0.41 0.79 0.82 -0.35 0.69 
R9 -0.66 -0.33 -0.55 -0.40 0.90 0.79 0.87 0.57 0.40 -0.41 0.65 
R21 -0.08 -0.28 0.02 -0.14 -0.11 -0.10 -0.21 0.05 0.15 0.27 0.02 
R22 -0.78 -0.64 -0.67 -0.71 0.38 0.45 0.32 0.86 0.94 -0.41 0.62 
R25 -0.80 -0.74 -0.68 -0.76 0.39 0.47 0.30 0.84 0.95 -0.22 0.59 
R26 0.20 0.22 0.30 0.27 -0.40 -0.49 -0.33 -0.23 -0.05 0.08 -0.24 
R27 -0.79 -0.70 -0.69 -0.73 0.36 0.40 0.28 0.82 0.92 -0.30 0.61 
Ruminococcaceae -0.59 -0.46 -0.38 -0.43 0.22 0.25 0.23 0.52 0.49 -0.26 0.63 
Symbiobacterium2 -0.48 -0.44 -0.35 -0.35 -0.04 0.12 -0.11 0.48 0.59 -0.15 0.08 
67 bp 0.34 0.38 0.37 0.37 -0.04 0.01 0.03 -0.22 -0.24 0.26 -0.23 
82 bp -0.48 -0.41 -0.39 -0.39 0.15 0.22 0.10 0.44 0.57 -0.10 0.23 
Firmicutes2 -0.72 -0.57 -0.55 -0.65 0.29 0.43 0.16 0.77 0.69 -0.49 0.47 
195 bp 0.58 0.45 0.36 0.49 -0.35 -0.52 -0.31 -0.61 -0.55 0.22 -0.41 
Symbiobacterium3 0.67 0.61 0.48 0.63 -0.28 -0.42 -0.15 -0.71 -0.67 0.10 -0.44 
209 bp -0.25 -0.31 -0.22 -0.32 -0.01 -0.05 -0.04 0.21 0.29 -0.14 0.22 
220 bp -0.61 -0.47 -0.49 -0.57 0.34 0.48 0.30 0.66 0.58 -0.46 0.48 
Anaerobaculum4 -0.41 -0.34 -0.28 -0.37 0.16 0.25 0.08 0.29 0.26 -0.39 0.32 
Chloroflexi 0.65 0.62 0.62 0.67 -0.38 -0.51 -0.33 -0.75 -0.67 0.13 -0.37 
Symbiobacterium4 -0.46 -0.29 -0.27 -0.41 0.30 0.36 0.24 0.49 0.40 -0.55 0.41 
284 bp -0.47 -0.50 -0.47 -0.50 0.24 0.32 0.26 0.40 0.40 -0.27 0.44 
Planctomycetaceae 0.40 0.44 0.24 0.33 -0.06 -0.17 0.05 -0.36 -0.32 -0.15 -0.20 
294 bp 0.22 0.15 0.12 0.15 -0.19 -0.19 -0.05 -0.33 -0.33 0.26 -0.28 
Petrotoga 0.88 0.76 0.69 0.72 -0.59 -0.70 -0.45 -0.82 -0.70 0.06 -0.61 
Haloplasmataceae            
Bacteroidetes 0.52 0.50 0.46 0.50 -0.12 -0.17 -0.06 -0.59 -0.72 0.05 -0.26 
Methanosarcina -0.55 -0.47 -0.34 -0.39 0.28 0.46 0.16 0.54 0.56 -0.16 0.37 
Methanoculleus -0.20 -0.13 -0.08 -0.23 -0.20 -0.24 -0.22 0.24 0.44 -0.31 0.07 





Supporting Table 30: Correlation values of the opti mal phase - part 3. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R8 R9 R21 R22 R25 R26 R27 Ruminococcaceae 
BiogasYield -0.37 -0.02 -0.22 -0.51 -0.60 0.27 -0.50 -0.31 
HRT 0.50 0.12 0.20 0.67 0.72 -0.22 0.67 0.52 
CH4 -0.50 -0.50 -0.50 -0.50 -0.50 -0.50 -0.50  
CO2 0.87 0.87 0.87 0.87 0.87 0.87 0.87  
Glycolate feed -0.50 -0.12 -0.20 -0.67 -0.72 0.22 -0.67 -0.52 
pH 0.23 0.15 0.03 0.30 0.36 -0.03 0.30 0.18 
pHfeed         
Acetate 0.20 0.08 -0.06 0.18 0.21 -0.24 0.19 0.15 
Propionate 0.23 0.12 -0.03 0.25 0.24 -0.25 0.24 0.15 
Glyoxylate         
R2 -0.75 -0.66 -0.08 -0.78 -0.80 0.20 -0.79 -0.59 
R3 -0.57 -0.33 -0.28 -0.64 -0.74 0.22 -0.70 -0.46 
R6 -0.71 -0.55 0.02 -0.67 -0.68 0.30 -0.69 -0.38 
R10 -0.68 -0.40 -0.14 -0.71 -0.76 0.27 -0.73 -0.43 
R16 0.44 0.90 -0.11 0.38 0.39 -0.40 0.36 0.22 
R17 0.46 0.79 -0.10 0.45 0.47 -0.49 0.40 0.25 
R20 0.41 0.87 -0.21 0.32 0.30 -0.33 0.28 0.23 
R4 0.79 0.57 0.05 0.86 0.84 -0.23 0.82 0.52 
R15 0.82 0.40 0.15 0.94 0.95 -0.05 0.92 0.49 
R1 -0.35 -0.41 0.27 -0.41 -0.22 0.08 -0.30 -0.26 
R5 0.69 0.65 0.02 0.62 0.59 -0.24 0.61 0.63 
R8 1.00 0.52 -0.18 0.88 0.73 0.00 0.86 0.52 
R9 0.52 1.00 -0.27 0.42 0.30 -0.28 0.36 0.35 
R21 -0.18 -0.27 1.00 0.02 0.29 0.20 0.18 -0.12 
R22 0.88 0.42 0.02 1.00 0.90 -0.05 0.94 0.56 
R25 0.73 0.30 0.29 0.90 1.00 -0.02 0.93 0.53 
R26 0.00 -0.28 0.20 -0.05 -0.02 1.00 0.04 -0.26 
R27 0.86 0.36 0.18 0.94 0.93 0.04 1.00 0.54 
Ruminococcaceae 0.52 0.35 -0.12 0.56 0.53 -0.26 0.54 1.00 
Symbiobacterium2 0.35 -0.07 0.25 0.49 0.57 0.14 0.53 0.29 
67 bp -0.28 -0.05 0.07 -0.17 -0.22 0.16 -0.32 -0.34 
82 bp 0.48 0.24 -0.18 0.53 0.47 -0.11 0.54 0.20 
Firmicutes2 0.58 0.34 0.03 0.65 0.66 -0.56 0.66 0.56 
195 bp -0.49 -0.34 -0.24 -0.67 -0.68 0.30 -0.57 -0.27 
Symbiobacterium3 -0.39 -0.25 -0.45 -0.72 -0.84 0.42 -0.70 -0.47 
209 bp 0.28 0.05 -0.05 0.28 0.30 -0.16 0.31 0.48 
220 bp 0.50 0.35 -0.15 0.55 0.52 -0.47 0.48 0.55 
Anaerobaculum4 0.17 0.11 0.09 0.18 0.29 -0.40 0.27 0.34 
Chloroflexi -0.49 -0.30 -0.13 -0.69 -0.70 0.30 -0.60 -0.43 
Symbiobacterium4 0.42 0.42 -0.11 0.50 0.42 -0.48 0.43 0.43 
284 bp 0.32 0.11 -0.01 0.33 0.38 -0.21 0.33 0.51 
Planctomycetaceae -0.01 -0.17 -0.40 -0.41 -0.55 0.35 -0.41 -0.42 
294 bp -0.36 -0.33 -0.02 -0.36 -0.29 0.33 -0.36 -0.13 
Petrotoga -0.55 -0.65 -0.15 -0.67 -0.71 0.62 -0.64 -0.49 
Haloplasmataceae         
Bacteroidetes -0.47 -0.12 -0.07 -0.70 -0.72 0.12 -0.67 -0.44 
Methanosarcina 0.22 0.33 0.13 0.41 0.50 -0.46 0.35 0.46 
Methanoculleus 0.39 -0.26 0.26 0.45 0.51 0.34 0.56 0.23 





Supporting Table 31: Correlation values of the opti mal phase - part 4. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Symbiobacterium2 67 bp 82 bp Firmicutes2 195 bp Symbiobacterium3 
BiogasYield -0.02 0.50 -0.12 -0.70 0.35 0.37 
HRT 0.51 -0.46 0.59 0.77 -0.51 -0.68 
CH4  1.00 -1.00  -1.00 1.00 
CO2  -1.00 1.00  1.00 -1.00 
Glycolate feed -0.51 0.46 -0.59 -0.77 0.51 0.68 
pH 0.28 0.27 0.31 0.14 -0.07 -0.05 
pHfeed       
Acetate 0.35 -0.15 0.09 0.44 -0.24 -0.11 
Propionate 0.35 -0.15 0.09 0.44 -0.24 -0.11 
Glyoxylate       
R2 -0.48 0.34 -0.48 -0.72 0.58 0.67 
R3 -0.44 0.38 -0.41 -0.57 0.45 0.61 
R6 -0.35 0.37 -0.39 -0.55 0.36 0.48 
R10 -0.35 0.37 -0.39 -0.65 0.49 0.63 
R16 -0.04 -0.04 0.15 0.29 -0.35 -0.28 
R17 0.12 0.01 0.22 0.43 -0.52 -0.42 
R20 -0.11 0.03 0.10 0.16 -0.31 -0.15 
R4 0.48 -0.22 0.44 0.77 -0.61 -0.71 
R15 0.59 -0.24 0.57 0.69 -0.55 -0.67 
R1 -0.15 0.26 -0.10 -0.49 0.22 0.10 
R5 0.08 -0.23 0.23 0.47 -0.41 -0.44 
R8 0.35 -0.28 0.48 0.58 -0.49 -0.39 
R9 -0.07 -0.05 0.24 0.34 -0.34 -0.25 
R21 0.25 0.07 -0.18 0.03 -0.24 -0.45 
R22 0.49 -0.17 0.53 0.65 -0.67 -0.72 
R25 0.57 -0.22 0.47 0.66 -0.68 -0.84 
R26 0.14 0.16 -0.11 -0.56 0.30 0.42 
R27 0.53 -0.32 0.54 0.66 -0.57 -0.70 
Ruminococcaceae 0.29 -0.34 0.20 0.56 -0.27 -0.47 
Symbiobacterium2 1.00 0.08 0.45 0.32 -0.45 -0.39 
67 bp 0.08 1.00 -0.25 -0.52 -0.06 0.15 
82 bp 0.45 -0.25 1.00 0.35 -0.30 -0.32 
Firmicutes2 0.32 -0.52 0.35 1.00 -0.46 -0.58 
195 bp -0.45 -0.06 -0.30 -0.46 1.00 0.78 
Symbiobacterium3 -0.39 0.15 -0.32 -0.58 0.78 1.00 
209 bp -0.31 -0.68 0.04 0.40 0.06 -0.20 
220 bp 0.41 -0.28 0.35 0.75 -0.50 -0.40 
Anaerobaculum4 0.14 -0.66 0.15 0.71 -0.25 -0.32 
Chloroflexi -0.52 -0.16 -0.23 -0.53 0.60 0.55 
Symbiobacterium4 -0.16 -0.38 0.23 0.67 -0.47 -0.42 
284 bp 0.31 -0.40 0.18 0.42 -0.35 -0.31 
Planctomycetaceae -0.20 0.07 -0.13 -0.38 0.37 0.74 
294 bp -0.09 0.15 -0.19 -0.13 0.12 0.26 
Petrotoga -0.38 0.12 -0.47 -0.65 0.63 0.70 
Haloplasmataceae       
Bacteroidetes -0.39 0.12 -0.56 -0.45 0.27 0.48 
Methanosarcina 0.45 -0.07 0.42 0.49 -0.43 -0.49 
Methanoculleus 0.19 -0.46 0.41 0.24 -0.26 -0.41 





Supporting Table 32: Correlation values of the opti mal phase - part 5. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 209 bp 220 bp Anaerobaculum4 Chloroflexi Symbiobacterium4 284 bp 
BiogasYield -0.38 -0.62 -0.63 0.44 -0.58 -0.47 
HRT 0.30 0.71 0.64 -0.45 0.55 0.48 
CH4 -1.00  1.00 1.00   
CO2 1.00  -1.00 -1.00   
Glycolate feed -0.30 -0.71 -0.64 0.45 -0.55 -0.48 
pH -0.30 0.40 -0.01 -0.50 0.19 0.29 
pHfeed       
Acetate -0.10 0.70 0.48 -0.46 0.35 0.40 
Propionate -0.10 0.70 0.48 -0.46 0.35 0.40 
Glyoxylate       
R2 -0.25 -0.61 -0.41 0.65 -0.46 -0.47 
R3 -0.31 -0.47 -0.34 0.62 -0.29 -0.50 
R6 -0.22 -0.49 -0.28 0.62 -0.27 -0.47 
R10 -0.32 -0.57 -0.37 0.67 -0.41 -0.50 
R16 -0.01 0.34 0.16 -0.38 0.30 0.24 
R17 -0.05 0.48 0.25 -0.51 0.36 0.32 
R20 -0.04 0.30 0.08 -0.33 0.24 0.26 
R4 0.21 0.66 0.29 -0.75 0.49 0.40 
R15 0.29 0.58 0.26 -0.67 0.40 0.40 
R1 -0.14 -0.46 -0.39 0.13 -0.55 -0.27 
R5 0.22 0.48 0.32 -0.37 0.41 0.44 
R8 0.28 0.50 0.17 -0.49 0.42 0.32 
R9 0.05 0.35 0.11 -0.30 0.42 0.11 
R21 -0.05 -0.15 0.09 -0.13 -0.11 -0.01 
R22 0.28 0.55 0.18 -0.69 0.50 0.33 
R25 0.30 0.52 0.29 -0.70 0.42 0.38 
R26 -0.16 -0.47 -0.40 0.30 -0.48 -0.21 
R27 0.31 0.48 0.27 -0.60 0.43 0.33 
Ruminococcaceae 0.48 0.55 0.34 -0.43 0.43 0.51 
Symbiobacterium2 -0.31 0.41 0.14 -0.52 -0.16 0.31 
67 bp -0.68 -0.28 -0.66 -0.16 -0.38 -0.40 
82 bp 0.04 0.35 0.15 -0.23 0.23 0.18 
Firmicutes2 0.40 0.75 0.71 -0.53 0.67 0.42 
195 bp 0.06 -0.50 -0.25 0.60 -0.47 -0.35 
Symbiobacterium3 -0.20 -0.40 -0.32 0.55 -0.42 -0.31 
209 bp 1.00 0.15 0.33 0.04 0.44 0.32 
220 bp 0.15 1.00 0.67 -0.52 0.59 0.66 
Anaerobaculum4 0.33 0.67 1.00 -0.02 0.50 0.50 
Chloroflexi 0.04 -0.52 -0.02 1.00 -0.38 -0.38 
Symbiobacterium4 0.44 0.59 0.50 -0.38 1.00 0.35 
284 bp 0.32 0.66 0.50 -0.38 0.35 1.00 
Planctomycetaceae -0.16 -0.17 -0.22 0.36 -0.32 0.03 
294 bp -0.22 -0.10 0.02 -0.09 -0.09 -0.07 
Petrotoga -0.16 -0.48 -0.21 0.67 -0.48 -0.25 
Haloplasmataceae       
Bacteroidetes -0.32 -0.23 0.11 0.67 -0.27 -0.23 
Methanosarcina 0.10 0.64 0.45 -0.34 0.35 0.39 
Methanoculleus 0.40 -0.03 0.15 0.03 0.14 0.08 





Supporting Table 33: Correlation values of the opti mal phase - part 6. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Planctomycetaceae 294 bp Petrotoga Haloplasmataceae Bacteroidetes 
BiogasYield 0.19 -0.22 0.32  0.24 
HRT -0.59 -0.20 -0.61 
 
-0.49 
CH4 1.00  1.00  1.00 
CO2 -1.00  -1.00  -1.00 
Glycolate feed 0.59 0.20 0.61  0.49 
pH -0.04 0.14 -0.29  -0.41 
pHfeed      
Acetate -0.08 -0.07 -0.38 
 
-0.03 
Propionate -0.08 -0.07 -0.38  -0.03 
Glyoxylate      
R2 0.40 0.22 0.88  0.52 
R3 0.44 0.15 0.76  0.50 
R6 0.24 0.12 0.69  0.46 
R10 0.33 0.15 0.72 
 
0.50 
R16 -0.06 -0.19 -0.59  -0.12 
R17 -0.17 -0.19 -0.70  -0.17 
R20 0.05 -0.05 -0.45  -0.06 
R4 -0.36 -0.33 -0.82  -0.59 
R15 -0.32 -0.33 -0.70  -0.72 
R1 -0.15 0.26 0.06 
 
0.05 
R5 -0.20 -0.28 -0.61  -0.26 
R8 -0.01 -0.36 -0.55  -0.47 
R9 -0.17 -0.33 -0.65  -0.12 
R21 -0.40 -0.02 -0.15  -0.07 
R22 -0.41 -0.36 -0.67  -0.70 
R25 -0.55 -0.29 -0.71 
 
-0.72 
R26 0.35 0.33 0.62  0.12 
R27 -0.41 -0.36 -0.64  -0.67 
Ruminococcaceae -0.42 -0.13 -0.49  -0.44 
Symbiobacterium2 -0.20 -0.09 -0.38  -0.39 
67 bp 0.07 0.15 0.12  0.12 
82 bp -0.13 -0.19 -0.47 
 
-0.56 
Firmicutes2 -0.38 -0.13 -0.65  -0.45 
195 bp 0.37 0.12 0.63  0.27 
Symbiobacterium3 0.74 0.26 0.70  0.48 
209 bp -0.16 -0.22 -0.16  -0.32 
220 bp -0.17 -0.10 -0.48  -0.23 
Anaerobaculum4 -0.22 0.02 -0.21 
 
0.11 
Chloroflexi 0.36 -0.09 0.67  0.67 
Symbiobacterium4 -0.32 -0.09 -0.48  -0.27 
284 bp 0.03 -0.07 -0.25  -0.23 
Planctomycetaceae 1.00 0.15 0.49  0.39 
294 bp 0.15 1.00 0.23  0.15 
Petrotoga 0.49 0.23 1.00 
 
0.56 
Haloplasmataceae    1.00  
Bacteroidetes 0.39 0.15 0.56  1.00 
Methanosarcina -0.40 -0.31 -0.63  -0.23 
Methanoculleus -0.11 -0.09 -0.05  -0.36 





Supporting Table 34: Correlation values of the opti mal phase - part 7. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Methanosarcina Methanoculleus uncharacterized 
BiogasYield -0.24 -0.17 0.45 
HRT 0.69 0.26 -0.80 
CH4 1.00 -1.00 -1.00 
CO2 -1.00 1.00 1.00 
Glycolate feed -0.69 -0.26 0.80 
pH 0.24 -0.20 -0.12 
pHfeed    
Acetate 0.51 -0.36 -0.45 
Propionate 0.51 -0.36 -0.45 
Glyoxylate    
R2 -0.55 -0.20 0.71 
R3 -0.47 -0.13 0.60 
R6 -0.34 -0.08 0.48 
R10 -0.39 -0.23 0.60 
R16 0.28 -0.20 -0.25 
R17 0.46 -0.24 -0.39 
R20 0.16 -0.22 -0.11 
R4 0.54 0.24 -0.67 
R15 0.56 0.44 -0.78 
R1 -0.16 -0.31 0.40 
R5 0.37 0.07 -0.43 
R8 0.22 0.39 -0.46 
R9 0.33 -0.26 -0.23 
R21 0.13 0.26 -0.31 
R22 0.41 0.45 -0.64 
R25 0.50 0.51 -0.75 
R26 -0.46 0.34 0.35 
R27 0.35 0.56 -0.68 
Ruminococcaceae 0.46 0.23 -0.46 
Symbiobacterium2 0.45 0.19 -0.46 
67 bp -0.07 -0.46 0.45 
82 bp 0.42 0.41 -0.56 
Firmicutes2 0.49 0.24 -0.70 
195 bp -0.43 -0.26 0.58 
Symbiobacterium3 -0.49 -0.41 0.67 
209 bp 0.10 0.40 -0.34 
220 bp 0.64 -0.03 -0.63 
Anaerobaculum4 0.45 0.15 -0.64 
Chloroflexi -0.34 0.03 0.36 
Symbiobacterium4 0.35 0.14 -0.53 
284 bp 0.39 0.08 -0.50 
Planctomycetaceae -0.40 -0.11 0.40 
294 bp -0.31 -0.09 0.33 
Petrotoga -0.63 -0.05 0.65 
Haloplasmataceae    
Bacteroidetes -0.23 -0.36 0.38 
Methanosarcina 1.00 -0.13 -0.80 
Methanoculleus -0.13 1.00 -0.38 





Supporting Table 35: Correlation values of the stre ss phase - part 1. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 BGY HRT CH4 CO2 Glycolate pH pHfeed A P G 




        
CH4 -1.00  1.00 -1.00 0.87 1.00 0.87 -1.00 1.00 0.00 
CO2 1.00  -1.00 1.00 -0.87 -1.00 -0.87 1.00 -1.00 0.00 
Glycolate feed -0.83  0.87 -0.87 1.00 0.38 1.00 0.80 0.51 -0.41 
pH -0.44  1.00 -1.00 0.38 1.00 0.38 0.32 0.20 0.26 
pHfeed -0.83  0.87 -0.87 1.00 0.38 1.00 0.80 0.51 -0.41 
Acetate -0.62 
 
-1.00 1.00 0.80 0.32 0.80 1.00 0.56 -0.77 
Propionate -0.14  1.00 -1.00 0.51 0.20 0.51 0.56 1.00 1.00 
Glyoxylate 0.53  0.00 0.00 -0.41 0.26 -0.41 -0.77 1.00 1.00 
R2 -0.59  0.50 -0.50 0.85 -0.40 0.85 0.80 -0.77 -0.51 
R3 -0.60  0.50 -0.50 0.85 0.20 0.85 1.00 -0.77 -0.51 
R6 -0.63  0.50 -0.50 0.86 -0.40 0.86 0.80 -0.77 -0.51 
R10 -0.60 
 
0.50 -0.50 0.85 -0.80 0.85 0.40 -0.77 -0.51 
R16 0.12  0.50 -0.50 -0.50 0.20 -0.50 -0.60 0.26 0.34 
R17 0.19  0.50 -0.50 -0.57 0.40 -0.57 0.00 -0.26 0.40 
R20 0.24  0.50 -0.50 -0.57 0.20 -0.57 -0.60 0.26 0.49 
R4 0.60  -0.50 0.50 -0.85 1.00 -0.85 0.20 0.26 0.34 
R15 0.70  -0.50 0.50 -0.85 0.80 -0.85 -0.40 0.77 0.68 
R1 -0.32 
 
0.50 -0.50 0.71 -0.40 0.71 0.00 0.26 -0.40 
R5 0.40  -0.50 0.50 -0.68 0.40 -0.68 -0.80 0.77 0.55 
R8 0.43  -1.00 1.00 -0.57 0.40 -0.57 0.80 -0.26 0.01 
R9 0.37  0.50 -0.50 -0.57 0.40 -0.57 -0.80 0.77 0.62 
R21 -0.05  -0.50 0.50 0.21 -0.80 0.21 0.40 -0.77 -0.62 
R22 0.72  -1.00 1.00 -0.71 0.40 -0.71 0.80 -0.26 0.42 
R25 0.84 
 
-0.50 0.50 -0.85 -0.40 -0.85 -0.80 0.77 0.68 
R26 -0.70  1.00 -1.00 0.86 -0.20 0.86 -1.00 0.77 -0.11 
R27 -0.05  -0.50 0.50 -0.07 0.80 -0.07 0.40 0.26 -0.07 
Ruminococcaceae           
Symbiobacterium2           
67 bp -0.80    0.77 1.00 0.77 1.00  0.26 
82 bp 0.20 
   
-0.77 1.00 -0.77 1.00 
 
0.26 
Firmicutes2           
195 bp 0.80    -0.77 -1.00 -0.77 -1.00  0.77 
Symbiobacterium3 0.40    -0.77 1.00 -0.77 1.00  0.77 
209 bp -0.63    0.82  0.82   0.27 
220 bp 0.40    -0.77 1.00 -0.77 1.00  -0.26 
Anaerobaculum4 0.80 
   
-0.77 -1.00 -0.77 -1.00 
 
-0.26 
Chloroflexi 0.80    -0.77 -1.00 -0.77 -1.00  0.77 
Symbiobacterium4           
284 bp 0.80    -0.77 -1.00 -0.77 -1.00  -0.26 
Planctomycetaceae -0.95    0.82 1.00 0.82 1.00  -0.54 
294 bp 0.80    -0.77 -1.00 -0.77 -1.00  -0.26 
Petrotoga -0.77 






Haloplasmataceae           
Bacteroidetes -0.80    0.77 1.00 0.77 1.00  -0.77 
Methanosarcina 0.20    -0.77 1.00 -0.77 1.00  0.26 
Methanoculleus 0.40    -0.77 1.00 -0.77 1.00  0.77 





Supporting Table 36: Correlation values of the stre ss phase - part 2. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R2 R3 R6 R10 R16 R17 R20 R4 R15 R1 R5 
BiogasYield -0.59 -0.60 -0.63 -0.60 0.12 0.19 0.24 0.60 0.70 -0.32 0.40 
HRT 
           
CH4 0.50 0.50 0.50 0.50 0.50 0.50 0.50 -0.50 -0.50 0.50 -0.50 
CO2 -0.50 -0.50 -0.50 -0.50 -0.50 -0.50 -0.50 0.50 0.50 -0.50 0.50 
Glycolate feed 0.85 0.85 0.86 0.85 -0.50 -0.57 -0.57 -0.85 -0.85 0.71 -0.68 
pH -0.40 0.20 -0.40 -0.80 0.20 0.40 0.20 1.00 0.80 -0.40 0.40 
pHfeed 0.85 0.85 0.86 0.85 -0.50 -0.57 -0.57 -0.85 -0.85 0.71 -0.68 
Acetate 0.80 1.00 0.80 0.40 -0.60 0.00 -0.60 0.20 -0.40 0.00 -0.80 
Propionate -0.77 -0.77 -0.77 -0.77 0.26 -0.26 0.26 0.26 0.77 0.26 0.77 
Glyoxylate -0.51 -0.51 -0.51 -0.51 0.34 0.40 0.49 0.34 0.68 -0.40 0.55 
R2 1.00 0.92 0.98 0.95 -0.66 -0.72 -0.73 -0.87 -0.94 0.85 -0.74 
R3 0.92 1.00 0.89 0.90 -0.72 -0.72 -0.75 -0.73 -0.84 0.85 -0.86 
R6 0.98 0.89 1.00 0.91 -0.67 -0.70 -0.74 -0.84 -0.91 0.80 -0.70 
R10 0.95 0.90 0.91 1.00 -0.60 -0.71 -0.68 -0.92 -0.95 0.85 -0.78 
R16 -0.66 -0.72 -0.67 -0.60 1.00 0.92 0.95 0.47 0.54 -0.82 0.82 
R17 -0.72 -0.72 -0.70 -0.71 0.92 1.00 0.98 0.65 0.68 -0.94 0.74 
R20 -0.73 -0.75 -0.74 -0.68 0.95 0.98 1.00 0.59 0.68 -0.89 0.77 
R4 -0.87 -0.73 -0.84 -0.92 0.47 0.65 0.59 1.00 0.89 -0.78 0.58 
R15 -0.94 -0.84 -0.91 -0.95 0.54 0.68 0.68 0.89 1.00 -0.81 0.71 
R1 0.85 0.85 0.80 0.85 -0.82 -0.94 -0.89 -0.78 -0.81 1.00 -0.77 
R5 -0.74 -0.86 -0.70 -0.78 0.82 0.74 0.77 0.58 0.71 -0.77 1.00 
R8 -0.54 -0.39 -0.46 -0.64 -0.10 0.09 -0.02 0.77 0.56 -0.36 0.19 
R9 -0.56 -0.62 -0.57 -0.53 0.81 0.79 0.84 0.48 0.60 -0.70 0.79 
R21 0.62 0.44 0.60 0.58 -0.41 -0.44 -0.49 -0.48 -0.62 0.48 -0.46 
R22 -0.61 -0.49 -0.57 -0.71 -0.03 0.26 0.19 0.82 0.77 -0.47 0.24 
R25 -0.82 -0.78 -0.79 -0.79 0.36 0.47 0.49 0.68 0.89 -0.62 0.59 
R26 0.67 0.67 0.71 0.76 -0.34 -0.47 -0.43 -0.85 -0.68 0.60 -0.45 
R27 -0.27 -0.03 -0.17 -0.37 -0.25 -0.09 -0.20 0.45 0.30 -0.10 -0.02 
Ruminococcaceae            
Symbiobacterium2            
67 bp 0.20 0.40 0.20 0.20 0.80 0.40 0.40 -0.40 -0.20 -0.40 0.80 
82 bp -0.80 -0.40 -0.80 -0.80 0.00 0.60 0.60 1.00 0.80 -0.60 0.00 
Firmicutes2            
195 bp -0.80 -1.00 -0.80 -0.80 0.20 0.40 0.40 0.40 0.80 -0.40 0.20 
Symbiobacterium3 -1.00 -0.80 -1.00 -1.00 0.40 0.80 0.80 0.80 1.00 -0.80 0.40 
209 bp 0.32 0.32 0.32 0.32 0.74 0.21 0.21 -0.63 -0.32 -0.21 0.74 
220 bp -0.40 -0.20 -0.40 -0.40 -0.60 0.00 0.00 0.80 0.40 0.00 -0.60 
Anaerobaculum4 -0.20 -0.40 -0.20 -0.20 -0.80 -0.40 -0.40 0.40 0.20 0.40 -0.80 
Chloroflexi -0.80 -1.00 -0.80 -0.80 0.20 0.40 0.40 0.40 0.80 -0.40 0.20 
Symbiobacterium4            
284 bp -0.20 -0.40 -0.20 -0.20 -0.80 -0.40 -0.40 0.40 0.20 0.40 -0.80 
Planctomycetaceae 0.63 0.95 0.63 0.63 0.11 -0.11 -0.11 -0.32 -0.63 0.11 0.11 
294 bp -0.20 -0.40 -0.20 -0.20 -0.80 -0.40 -0.40 0.40 0.20 0.40 -0.80 
Petrotoga 0.77 0.77 0.77 0.77 0.26 -0.26 -0.26 -0.77 -0.77 0.26 0.26 
Haloplasmataceae            
Bacteroidetes 0.80 1.00 0.80 0.80 -0.20 -0.40 -0.40 -0.40 -0.80 0.40 -0.20 
Methanosarcina -0.80 -0.40 -0.80 -0.80 0.00 0.60 0.60 1.00 0.80 -0.60 0.00 
Methanoculleus -1.00 -0.80 -1.00 -1.00 0.40 0.80 0.80 0.80 1.00 -0.80 0.40 





Supporting Table 37: Correlation values of the stre ss phase - part 3. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R8 R9 R21 R22 R25 R26 R27 Ruminococcaceae 
BiogasYield 0.43 0.37 -0.05 0.72 0.84 -0.70 -0.05  
HRT 
        
CH4 -1.00 0.50 -0.50 -1.00 -0.50 1.00 -0.50  
CO2 1.00 -0.50 0.50 1.00 0.50 -1.00 0.50  
Glycolate feed -0.57 -0.57 0.21 -0.71 -0.85 0.86 -0.07  
pH 0.40 0.40 -0.80 0.40 -0.40 -0.20 0.80  
pHfeed -0.57 -0.57 0.21 -0.71 -0.85 0.86 -0.07  
Acetate 0.80 -0.80 0.40 0.80 -0.80 -1.00 0.40 
 
Propionate -0.26 0.77 -0.77 -0.26 0.77 0.77 0.26  
Glyoxylate 0.01 0.62 -0.62 0.42 0.68 -0.11 -0.07  
R2 -0.54 -0.56 0.62 -0.61 -0.82 0.67 -0.27  
R3 -0.39 -0.62 0.44 -0.49 -0.78 0.67 -0.03  
R6 -0.46 -0.57 0.60 -0.57 -0.79 0.71 -0.17  
R10 -0.64 -0.53 0.58 -0.71 -0.79 0.76 -0.37 
 
R16 -0.10 0.81 -0.41 -0.03 0.36 -0.34 -0.25  
R17 0.09 0.79 -0.44 0.26 0.47 -0.47 -0.09  
R20 -0.02 0.84 -0.49 0.19 0.49 -0.43 -0.20  
R4 0.77 0.48 -0.48 0.82 0.68 -0.85 0.45  
R15 0.56 0.60 -0.62 0.77 0.89 -0.68 0.30  
R1 -0.36 -0.70 0.48 -0.47 -0.62 0.60 -0.10 
 
R5 0.19 0.79 -0.46 0.24 0.59 -0.45 -0.02  
R8 1.00 -0.07 -0.30 0.82 0.43 -0.66 0.79  
R9 -0.07 1.00 -0.38 0.19 0.49 -0.30 -0.32  
R21 -0.30 -0.38 1.00 -0.31 -0.36 0.06 -0.48  
R22 0.82 0.19 -0.31 1.00 0.71 -0.73 0.49  
R25 0.43 0.49 -0.36 0.71 1.00 -0.57 0.09 
 
R26 -0.66 -0.30 0.06 -0.73 -0.57 1.00 -0.18  
R27 0.79 -0.32 -0.48 0.49 0.09 -0.18 1.00  
Ruminococcaceae        1.00 
Symbiobacterium2         
67 bp -0.80 0.40 -0.40 -0.40 -0.40 0.63 -0.80  
82 bp 0.80 0.60 -0.60 1.00 0.40 -0.95 0.80 
 
Firmicutes2         
195 bp 0.20 0.40 -0.40 0.40 1.00 -0.32 0.20  
Symbiobacterium3 0.40 0.80 -0.80 0.80 0.80 -0.63 0.40  
209 bp -0.95 0.21 -0.21 -0.63 -0.32 0.83 -0.95  
220 bp 1.00 0.00 0.00 0.80 0.20 -0.95 1.00  
Anaerobaculum4 0.80 -0.40 0.40 0.40 0.40 -0.63 0.80 
 
Chloroflexi 0.20 0.40 -0.40 0.40 1.00 -0.32 0.20  
Symbiobacterium4         
284 bp 0.80 -0.40 0.40 0.40 0.40 -0.63 0.80  
Planctomycetaceae -0.32 -0.11 0.11 -0.32 -0.95 0.33 -0.32  
294 bp 0.80 -0.40 0.40 0.40 0.40 -0.63 0.80  
Petrotoga -0.77 -0.26 0.26 -0.77 -0.77 0.82 -0.77 
 
Haloplasmataceae         
Bacteroidetes -0.20 -0.40 0.40 -0.40 -1.00 0.32 -0.20  
Methanosarcina 0.80 0.60 -0.60 1.00 0.40 -0.95 0.80  
Methanoculleus 0.40 0.80 -0.80 0.80 0.80 -0.63 0.40  





Supporting Table 38: Correlation values of the stre ss phase - part 4. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Symbiobacterium2 67 bp 82 bp Firmicutes2 195 bp Symbiobacterium3 
BiogasYield  -0.80 0.20  0.80 0.40 
HRT 
      
CH4       
CO2       
Glycolate feed  0.77 -0.77  -0.77 -0.77 
pH  1.00 1.00  -1.00 1.00 






Propionate       
Glyoxylate  0.26 0.26  0.77 0.77 
R2  0.20 -0.80  -0.80 -1.00 
R3  0.40 -0.40  -1.00 -0.80 






R16  0.80 0.00  0.20 0.40 
R17  0.40 0.60  0.40 0.80 
R20  0.40 0.60  0.40 0.80 
R4  -0.40 1.00  0.40 0.80 






R5  0.80 0.00  0.20 0.40 
R8  -0.80 0.80  0.20 0.40 
R9  0.40 0.60  0.40 0.80 
R21  -0.40 -0.60  -0.40 -0.80 






R26  0.63 -0.95  -0.32 -0.63 
R27  -0.80 0.80  0.20 0.40 
Ruminococcaceae       
Symbiobacterium2 1.00      






Firmicutes2    1.00   
195 bp  -0.40 0.40  1.00 0.80 
Symbiobacterium3  -0.20 0.80  0.80 1.00 
209 bp  0.95 -0.63  -0.32 -0.32 






Chloroflexi  -0.40 0.40  1.00 0.80 
Symbiobacterium4       
284 bp  -1.00 0.40  0.40 0.20 
Planctomycetaceae  0.63 -0.32  -0.95 -0.63 






Haloplasmataceae       
Bacteroidetes  0.40 -0.40  -1.00 -0.80 
Methanosarcina  -0.40 1.00  0.40 0.80 
Methanoculleus  -0.20 0.80  0.80 1.00 





Supporting Table 39: Correlation values of the stre ss phase - part 5. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 209 bp 220 bp Anaerobaculum4 Chloroflexi Symbiobacterium4 284 bp 
BiogasYield -0.63 0.40 0.80 0.80  0.80 
HRT 
      
CH4       
CO2       
Glycolate feed 0.82 -0.77 -0.77 -0.77  -0.77 
pH  1.00 -1.00 -1.00  -1.00 
pHfeed 0.82 -0.77 -0.77 -0.77  -0.77 
Acetate 
 
1.00 -1.00 -1.00 
 
-1.00 
Propionate       
Glyoxylate 0.27 -0.26 -0.26 0.77  -0.26 
R2 0.32 -0.40 -0.20 -0.80  -0.20 
R3 0.32 -0.20 -0.40 -1.00  -0.40 
R6 0.32 -0.40 -0.20 -0.80  -0.20 
R10 0.32 -0.40 -0.20 -0.80 
 
-0.20 
R16 0.74 -0.60 -0.80 0.20  -0.80 
R17 0.21 0.00 -0.40 0.40  -0.40 
R20 0.21 0.00 -0.40 0.40  -0.40 
R4 -0.63 0.80 0.40 0.40  0.40 
R15 -0.32 0.40 0.20 0.80  0.20 
R1 -0.21 0.00 0.40 -0.40 
 
0.40 
R5 0.74 -0.60 -0.80 0.20  -0.80 
R8 -0.95 1.00 0.80 0.20  0.80 
R9 0.21 0.00 -0.40 0.40  -0.40 
R21 -0.21 0.00 0.40 -0.40  0.40 
R22 -0.63 0.80 0.40 0.40  0.40 
R25 -0.32 0.20 0.40 1.00 
 
0.40 
R26 0.83 -0.95 -0.63 -0.32  -0.63 
R27 -0.95 1.00 0.80 0.20  0.80 
Ruminococcaceae       
Symbiobacterium2       
67 bp 0.95 -0.80 -1.00 -0.40  -1.00 
82 bp -0.63 0.80 0.40 0.40 
 
0.40 
Firmicutes2       
195 bp -0.32 0.20 0.40 1.00  0.40 
Symbiobacterium3 -0.32 0.40 0.20 0.80  0.20 
209 bp 1.00 -0.95 -0.95 -0.32  -0.95 
220 bp -0.95 1.00 0.80 0.20  0.80 
Anaerobaculum4 -0.95 0.80 1.00 0.40 
 
1.00 
Chloroflexi -0.32 0.20 0.40 1.00  0.40 
Symbiobacterium4     1.00  
284 bp -0.95 0.80 1.00 0.40  1.00 
Planctomycetaceae 0.50 -0.32 -0.63 -0.95  -0.63 
294 bp -0.95 0.80 1.00 0.40  1.00 
Petrotoga 0.82 -0.77 -0.77 -0.77 
 
-0.77 
Haloplasmataceae       
Bacteroidetes 0.32 -0.20 -0.40 -1.00  -0.40 
Methanosarcina -0.63 0.80 0.40 0.40  0.40 
Methanoculleus -0.32 0.40 0.20 0.80  0.20 





Supporting Table 40: Correlation values of the stre ss phase - part 6. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Planctomycetaceae 294 bp Petrotoga Haloplasmataceae Bacteroidetes 
BiogasYield -0.95 0.80 -0.77  -0.80 
HRT 
     
CH4      
CO2      
Glycolate feed 0.82 -0.77 1.00  0.77 
pH 1.00 -1.00   1.00 
pHfeed 0.82 -0.77 1.00  0.77 
Acetate 1.00 -1.00 
  
1.00 
Propionate      
Glyoxylate -0.54 -0.26 -0.33  -0.77 
R2 0.63 -0.20 0.77  0.80 
R3 0.95 -0.40 0.77  1.00 
R6 0.63 -0.20 0.77  0.80 
R10 0.63 -0.20 0.77 
 
0.80 
R16 0.11 -0.80 0.26  -0.20 
R17 -0.11 -0.40 -0.26  -0.40 
R20 -0.11 -0.40 -0.26  -0.40 
R4 -0.32 0.40 -0.77  -0.40 
R15 -0.63 0.20 -0.77  -0.80 
R1 0.11 0.40 0.26 
 
0.40 
R5 0.11 -0.80 0.26  -0.20 
R8 -0.32 0.80 -0.77  -0.20 
R9 -0.11 -0.40 -0.26  -0.40 
R21 0.11 0.40 0.26  0.40 
R22 -0.32 0.40 -0.77  -0.40 
R25 -0.95 0.40 -0.77 
 
-1.00 
R26 0.33 -0.63 0.82  0.32 
R27 -0.32 0.80 -0.77  -0.20 
Ruminococcaceae      
Symbiobacterium2      
67 bp 0.63 -1.00 0.77  0.40 
82 bp -0.32 0.40 -0.77 
 
-0.40 
Firmicutes2      
195 bp -0.95 0.40 -0.77  -1.00 
Symbiobacterium3 -0.63 0.20 -0.77  -0.80 
209 bp 0.50 -0.95 0.82  0.32 
220 bp -0.32 0.80 -0.77  -0.20 
Anaerobaculum4 -0.63 1.00 -0.77 
 
-0.40 
Chloroflexi -0.95 0.40 -0.77  -1.00 
Symbiobacterium4      
284 bp -0.63 1.00 -0.77  -0.40 
Planctomycetaceae 1.00 -0.63 0.82  0.95 
294 bp -0.63 1.00 -0.77  -0.40 
Petrotoga 0.82 -0.77 1.00 
 
0.77 
Haloplasmataceae    1.00  
Bacteroidetes 0.95 -0.40 0.77  1.00 
Methanosarcina -0.32 0.40 -0.77  -0.40 
Methanoculleus -0.63 0.20 -0.77  -0.80 





Supporting Table 41: Correlation values of the stre ss phase - part 7. BGY – Biogas yield, 
HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Methanosarcina Methanoculleus uncharacterized 
BiogasYield 0.20 0.40 -0.40 
HRT 
   
CH4    
CO2    
Glycolate feed -0.77 -0.77 0.77 
pH 1.00 1.00 -1.00 
pHfeed -0.77 -0.77 0.77 
Acetate 1.00 1.00 -1.00 
Propionate    
Glyoxylate 0.26 0.77 -0.77 
R2 -0.80 -1.00 1.00 
R3 -0.40 -0.80 0.80 
R6 -0.80 -1.00 1.00 
R10 -0.80 -1.00 1.00 
R16 0.00 0.40 -0.40 
R17 0.60 0.80 -0.80 
R20 0.60 0.80 -0.80 
R4 1.00 0.80 -0.80 
R15 0.80 1.00 -1.00 
R1 -0.60 -0.80 0.80 
R5 0.00 0.40 -0.40 
R8 0.80 0.40 -0.40 
R9 0.60 0.80 -0.80 
R21 -0.60 -0.80 0.80 
R22 1.00 0.80 -0.80 
R25 0.40 0.80 -0.80 
R26 -0.95 -0.63 0.63 
R27 0.80 0.40 -0.40 
Ruminococcaceae    
Symbiobacterium2    
67 bp -0.40 -0.20 0.20 
82 bp 1.00 0.80 -0.80 
Firmicutes2    
195 bp 0.40 0.80 -0.80 
Symbiobacterium3 0.80 1.00 -1.00 
209 bp -0.63 -0.32 0.32 
220 bp 0.80 0.40 -0.40 
Anaerobaculum4 0.40 0.20 -0.20 
Chloroflexi 0.40 0.80 -0.80 
Symbiobacterium4    
284 bp 0.40 0.20 -0.20 
Planctomycetaceae -0.32 -0.63 0.63 
294 bp 0.40 0.20 -0.20 
Petrotoga -0.77 -0.77 0.77 
Haloplasmataceae    
Bacteroidetes -0.40 -0.80 0.80 
Methanosarcina 1.00 0.80 -0.80 
Methanoculleus 0.80 1.00 -1.00 





Supporting Table 42: Correlation values of the reco very phase - part 1. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 BiogasYield HRT CH4 CO2 Glycolate pH pHfeed A P G 




        
CH4 -1.00  1.00 -1.00 -0.87 1.00  1.00   
CO2 1.00  -1.00 1.00 0.87 -1.00  -1.00   
Glycolate feed 0.61  -0.87 0.87 1.00 -0.57  -0.44  0.00 
pH -0.32  1.00 -1.00 -0.57 1.00  0.47  -0.24 
pHfeed       1.00    
Acetate 0.07 
 





Propionate         1.00  
Glyoxylate 0.15    0.00 -0.24  -0.17  1.00 
R2 0.28    0.87 -0.62  -0.40  -0.08 
R3 0.31    0.82 -0.65  -0.46  -0.23 
R6 0.37    0.85 -0.52  -0.33  -0.15 
R10 0.30 






R16 -0.21    -0.49 0.18  0.07  0.30 
R17 -0.08    -0.36 0.00  0.03  0.33 
R20 -0.10    -0.36 0.08  0.06  0.21 
R4 -0.31    -0.83 0.44  0.57  0.12 
R15 -0.25    -0.87 0.45  0.51  0.06 
R1 -0.01 






R5 -0.26    -0.68 0.42  0.30  0.14 
R8 -0.18    -0.57 0.31  0.39  0.32 
R9 -0.08    -0.47 0.08  0.02  0.16 
R21 0.34    0.81 -0.56  -0.46  -0.22 
R22 -0.37    -0.82 0.32  0.34  0.05 
R25 -0.33 






R26 0.22    0.61 -0.77  -0.53  -0.03 
R27 -0.26    -0.87 0.45  0.50  0.06 
Ruminococcaceae           
Symbiobacterium2           
67 bp 0.06    -0.19 -0.31  -0.61  0.59 
82 bp -0.55 






Firmicutes2 -0.25    0.00 -0.71  0.02  0.35 
195 bp -0.08    -0.30 -0.22  0.00  0.71 
Symbiobacterium3 -0.05    -0.20 -0.26  -0.04  0.74 
209 bp 0.05    0.09 0.22  0.20  -0.51 
220 bp -0.44    -0.37 0.27  0.65  -0.02 
Anaerobaculum4 -0.50 






Chloroflexi -0.48    -0.50 -0.09  0.20  0.54 
Symbiobacterium4 -0.58    -0.50 -0.41  -0.30  0.42 
294 bp -0.26    -0.27 0.50  0.58  -0.56 
Planctomycetaceae 0.10    -0.18 -0.17  -0.44  0.36 
294 bp           
Petrotoga -0.11 






Haloplasmataceae           
Bacteroidetes 0.03    -0.11 -0.50  -0.36  0.48 
Methanosarcina -0.31    -0.37 0.03  0.24  -0.27 
Methanoculleus           





Supporting Table 43: Correlation values of the reco very phase - part 2. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R2 R3 R6 R10 R16 R17 R20 R4 R15 R1 R5 
BiogasYield 0.28 0.31 0.37 0.30 -0.21 -0.08 -0.10 -0.31 -0.25 -0.01 -0.26 
HRT 
           
CH4            
CO2            
Glycolate feed 0.87 0.82 0.85 0.85 -0.49 -0.36 -0.36 -0.83 -0.87 0.17 -0.68 
pH -0.62 -0.65 -0.52 -0.51 0.18 0.00 0.08 0.44 0.45 0.11 0.42 
pHfeed            
Acetate -0.40 -0.46 -0.33 -0.38 0.07 0.03 0.06 0.57 0.51 0.30 0.30 
Propionate            
Glyoxylate -0.08 -0.23 -0.15 -0.22 0.30 0.33 0.21 0.12 0.06 -0.19 0.14 
R2 1.00 0.86 0.94 0.87 -0.66 -0.54 -0.57 -0.74 -0.85 0.33 -0.86 
R3 0.86 1.00 0.86 0.86 -0.43 -0.33 -0.28 -0.73 -0.75 -0.04 -0.65 
R6 0.94 0.86 1.00 0.95 -0.60 -0.46 -0.48 -0.76 -0.87 0.26 -0.82 
R10 0.87 0.86 0.95 1.00 -0.46 -0.36 -0.33 -0.79 -0.87 0.18 -0.68 
R16 -0.66 -0.43 -0.60 -0.46 1.00 0.94 0.97 0.38 0.46 -0.50 0.90 
R17 -0.54 -0.33 -0.46 -0.36 0.94 1.00 0.94 0.24 0.31 -0.43 0.77 
R20 -0.57 -0.28 -0.48 -0.33 0.97 0.94 1.00 0.26 0.36 -0.56 0.83 
R4 -0.74 -0.73 -0.76 -0.79 0.38 0.24 0.26 1.00 0.94 -0.16 0.56 
R15 -0.85 -0.75 -0.87 -0.87 0.46 0.31 0.36 0.94 1.00 -0.28 0.69 
R1 0.33 -0.04 0.26 0.18 -0.50 -0.43 -0.56 -0.16 -0.28 1.00 -0.43 
R5 -0.86 -0.65 -0.82 -0.68 0.90 0.77 0.83 0.56 0.69 -0.43 1.00 
R8 -0.65 -0.71 -0.74 -0.74 0.41 0.34 0.28 0.52 0.59 0.09 0.59 
R9 -0.58 -0.29 -0.51 -0.37 0.87 0.81 0.89 0.35 0.46 -0.58 0.79 
R21 0.90 0.85 0.87 0.79 -0.74 -0.61 -0.62 -0.71 -0.76 0.19 -0.89 
R22 -0.84 -0.63 -0.86 -0.78 0.62 0.45 0.55 0.75 0.88 -0.48 0.81 
R25 -0.72 -0.53 -0.78 -0.70 0.51 0.36 0.43 0.63 0.79 -0.49 0.70 
R26 0.64 0.82 0.57 0.58 -0.21 -0.11 -0.10 -0.53 -0.48 -0.23 -0.41 
R27 -0.90 -0.83 -0.93 -0.91 0.52 0.41 0.42 0.75 0.86 -0.10 0.75 
Ruminococcaceae            
Symbiobacterium2            
67 bp -0.34 -0.18 -0.42 -0.47 0.17 0.27 0.29 0.14 0.31 -0.46 0.25 
82 bp -0.18 -0.28 -0.10 0.03 -0.10 -0.10 -0.12 -0.30 -0.30 0.37 -0.02 
Firmicutes2 0.46 0.34 0.44 0.22 -0.22 -0.02 -0.22 0.13 -0.07 0.02 -0.47 
195 bp -0.42 -0.56 -0.45 -0.51 0.80 0.89 0.84 0.37 0.37 -0.18 0.71 
Symbiobacterium3 -0.29 -0.50 -0.33 -0.38 0.73 0.88 0.79 0.26 0.22 -0.13 0.64 
209 bp 0.13 0.11 0.22 0.43 -0.13 -0.25 -0.17 -0.07 -0.10 0.13 -0.07 
220 bp -0.14 -0.47 -0.25 -0.14 0.27 0.32 0.17 0.25 0.07 0.47 0.37 
Anaerobaculum4 -0.27 -0.59 -0.26 -0.08 0.47 0.42 0.40 0.33 0.17 0.23 0.50 
Chloroflexi -0.42 -0.65 -0.46 -0.53 0.75 0.86 0.71 0.44 0.35 0.11 0.64 
Symbiobacterium4 -0.27 -0.28 -0.28 -0.41 0.27 0.55 0.27 0.27 0.27 0.14 0.14 
294 bp -0.17 -0.24 -0.15 0.02 0.07 -0.12 -0.07 0.20 0.13 0.33 0.17 
Planctomycetaceae -0.45 -0.20 -0.39 -0.53 0.40 0.37 0.45 0.20 0.40 -0.42 0.30 
294 bp            
Petrotoga -0.32 -0.28 -0.32 -0.43 0.50 0.73 0.59 0.23 0.32 -0.25 0.39 
Haloplasmataceae            
Bacteroidetes -0.24 -0.12 -0.24 -0.28 0.35 0.70 0.44 0.01 0.17 0.03 0.31 
Methanosarcina -0.10 -0.08 -0.02 0.05 0.07 -0.27 -0.02 0.53 0.43 -0.30 0.00 
Methanoculleus            





Supporting Table 44: Correlation values of the reco very phase - part 3. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 R8 R9 R21 R22 R25 R26 R27 Ruminococcaceae 
BiogasYield -0.18 -0.08 0.34 -0.37 -0.33 0.22 -0.26  
HRT 
        
CH4         
CO2         
Glycolate feed -0.57 -0.47 0.81 -0.82 -0.66 0.61 -0.87  
pH 0.31 0.08 -0.56 0.32 0.14 -0.77 0.45  
pHfeed         
Acetate 0.39 0.02 -0.46 0.34 0.13 -0.53 0.50 
 
Propionate         
Glyoxylate 0.32 0.16 -0.22 0.05 0.08 -0.03 0.06  
R2 -0.65 -0.58 0.90 -0.84 -0.72 0.64 -0.90  
R3 -0.71 -0.29 0.85 -0.63 -0.53 0.82 -0.83  
R6 -0.74 -0.51 0.87 -0.86 -0.78 0.57 -0.93  
R10 -0.74 -0.37 0.79 -0.78 -0.70 0.58 -0.91 
 
R16 0.41 0.87 -0.74 0.62 0.51 -0.21 0.52  
R17 0.34 0.81 -0.61 0.45 0.36 -0.11 0.41  
R20 0.28 0.89 -0.62 0.55 0.43 -0.10 0.42  
R4 0.52 0.35 -0.71 0.75 0.63 -0.53 0.75  
R15 0.59 0.46 -0.76 0.88 0.79 -0.48 0.86  
R1 0.09 -0.58 0.19 -0.48 -0.49 -0.23 -0.10 
 
R5 0.59 0.79 -0.89 0.81 0.70 -0.41 0.75  
R8 1.00 0.25 -0.67 0.56 0.56 -0.35 0.80  
R9 0.25 1.00 -0.61 0.56 0.44 -0.02 0.48  
R21 -0.67 -0.61 1.00 -0.75 -0.62 0.68 -0.83  
R22 0.56 0.56 -0.75 1.00 0.93 -0.36 0.83  
R25 0.56 0.44 -0.62 0.93 1.00 -0.16 0.74 
 
R26 -0.35 -0.02 0.68 -0.36 -0.16 1.00 -0.54  
R27 0.80 0.48 -0.83 0.83 0.74 -0.54 1.00  
Ruminococcaceae        1.00 
Symbiobacterium2         
67 bp 0.51 0.29 -0.25 0.39 0.56 0.17 0.43  
82 bp 0.08 -0.12 -0.08 -0.22 -0.12 -0.50 0.07 
 
Firmicutes2 -0.09 -0.22 0.35 -0.07 0.02 0.58 -0.33  
195 bp 0.75 0.84 -0.58 0.29 0.35 -0.02 0.54  
Symbiobacterium3 0.68 0.79 -0.51 0.16 0.26 0.00 0.42  
209 bp -0.70 -0.17 0.07 -0.05 -0.10 -0.40 -0.33  
220 bp 0.07 0.17 -0.53 0.03 -0.15 -0.71 0.23  
Anaerobaculum4 0.02 0.40 -0.58 0.18 0.12 -0.77 0.21 
 
Chloroflexi 0.75 0.71 -0.64 0.26 0.24 -0.20 0.57  
Symbiobacterium4 0.55 0.27 -0.27 0.27 0.41 0.14 0.41  
294 bp -0.30 -0.07 -0.27 0.10 -0.13 -0.67 0.07  
Planctomycetaceae 0.67 0.45 -0.17 0.35 0.45 0.38 0.48  
294 bp         
Petrotoga 0.64 0.59 -0.32 0.32 0.52 0.30 0.44 
 
Haloplasmataceae         
Bacteroidetes 0.41 0.44 -0.24 0.17 0.37 0.22 0.35  
Methanosarcina -0.42 -0.02 -0.10 0.47 0.35 -0.25 -0.08  
Methanoculleus         





Supporting Table 45: Correlation values of the reco very phase - part 4. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Symbiobacterium2 67 bp 82 bp Firmicutes2 195 bp Symbiobacterium3 
BiogasYield  0.06 -0.55 -0.25 -0.08 -0.05 
HRT 
      
CH4       
CO2       
Glycolate feed  -0.19 -0.18 0.00 -0.30 -0.20 
pH  -0.31 0.62 -0.71 -0.22 -0.26 
pHfeed       
Acetate 
 
-0.61 -0.49 0.02 0.00 -0.04 
Propionate       
Glyoxylate  0.59 -0.37 0.35 0.71 0.74 
R2  -0.34 -0.18 0.46 -0.42 -0.29 
R3  -0.18 -0.28 0.34 -0.56 -0.50 
R6  -0.42 -0.10 0.44 -0.45 -0.33 
R10 
 
-0.47 0.03 0.22 -0.51 -0.38 
R16  0.17 -0.10 -0.22 0.80 0.73 
R17  0.27 -0.10 -0.02 0.89 0.88 
R20  0.29 -0.12 -0.22 0.84 0.79 
R4  0.14 -0.30 0.13 0.37 0.26 
R15  0.31 -0.30 -0.07 0.37 0.22 
R1 
 
-0.46 0.37 0.02 -0.18 -0.13 
R5  0.25 -0.02 -0.47 0.71 0.64 
R8  0.51 0.08 -0.09 0.75 0.68 
R9  0.29 -0.12 -0.22 0.84 0.79 
R21  -0.25 -0.08 0.35 -0.58 -0.51 
R22  0.39 -0.22 -0.07 0.29 0.16 
R25 
 
0.56 -0.12 0.02 0.35 0.26 
R26  0.17 -0.50 0.58 -0.02 0.00 
R27  0.43 0.07 -0.33 0.54 0.42 
Ruminococcaceae       
Symbiobacterium2 1.00      
67 bp  1.00 0.03 -0.06 0.33 0.33 
82 bp 
 
0.03 1.00 -0.15 -0.27 -0.20 
Firmicutes2  -0.06 -0.15 1.00 0.06 0.12 
195 bp  0.33 -0.27 0.06 1.00 0.98 
Symbiobacterium3  0.33 -0.20 0.12 0.98 1.00 
209 bp  -0.51 0.02 -0.33 -0.53 -0.51 
220 bp  -0.47 0.07 -0.09 0.11 0.13 
Anaerobaculum4 
 
-0.37 0.23 -0.13 0.15 0.18 
Chloroflexi  0.06 -0.09 0.24 0.88 0.86 
Symbiobacterium4  0.42 0.14 0.60 0.45 0.45 
294 bp  -0.70 0.03 -0.37 -0.37 -0.42 
Planctomycetaceae  0.59 -0.17 0.02 0.57 0.47 
294 bp       
Petrotoga 
 
0.72 -0.16 0.30 0.77 0.77 
Haloplasmataceae       
Bacteroidetes  0.62 -0.23 0.13 0.60 0.60 
Methanosarcina  -0.44 -0.12 0.04 -0.42 -0.47 
Methanoculleus       





Supporting Table 46: Correlation values of the reco very phase - part 5. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 209 bp 220 bp Anaerobaculum4 Chloroflexi Symbiobacterium4 284 bp 
BiogasYield 0.05 -0.44 -0.50 -0.48 -0.58 -0.26 
HRT 
      
CH4       
CO2       
Glycolate feed 0.09 -0.37 -0.46 -0.50 -0.50 -0.27 
pH 0.22 0.27 0.28 -0.09 -0.41 0.50 
pHfeed       
Acetate 0.20 0.65 0.29 0.20 -0.30 0.58 
Propionate       
Glyoxylate -0.51 -0.02 0.00 0.54 0.42 -0.56 
R2 0.13 -0.14 -0.27 -0.42 -0.27 -0.17 
R3 0.11 -0.47 -0.59 -0.65 -0.28 -0.24 
R6 0.22 -0.25 -0.26 -0.46 -0.28 -0.15 
R10 0.43 -0.14 -0.08 -0.53 -0.41 0.02 
R16 -0.13 0.27 0.47 0.75 0.27 0.07 
R17 -0.25 0.32 0.42 0.86 0.55 -0.12 
R20 -0.17 0.17 0.40 0.71 0.27 -0.07 
R4 -0.07 0.25 0.33 0.44 0.27 0.20 
R15 -0.10 0.07 0.17 0.35 0.27 0.13 
R1 0.13 0.47 0.23 0.11 0.14 0.33 
R5 -0.07 0.37 0.50 0.64 0.14 0.17 
R8 -0.70 0.07 0.02 0.75 0.55 -0.30 
R9 -0.17 0.17 0.40 0.71 0.27 -0.07 
R21 0.07 -0.53 -0.58 -0.64 -0.27 -0.27 
R22 -0.05 0.03 0.18 0.26 0.27 0.10 
R25 -0.10 -0.15 0.12 0.24 0.41 -0.13 
R26 -0.40 -0.71 -0.77 -0.20 0.14 -0.67 
R27 -0.33 0.23 0.21 0.57 0.41 0.07 
Ruminococcaceae       
Symbiobacterium2       
67 bp -0.51 -0.47 -0.37 0.06 0.42 -0.70 
82 bp 0.02 0.07 0.23 -0.09 0.14 0.03 
Firmicutes2 -0.33 -0.09 -0.13 0.24 0.60 -0.37 
195 bp -0.53 0.11 0.15 0.88 0.45 -0.37 
Symbiobacterium3 -0.51 0.13 0.18 0.86 0.45 -0.42 
209 bp 1.00 0.42 0.57 -0.47 -0.55 0.77 
220 bp 0.42 1.00 0.86 0.41 0.00 0.73 
Anaerobaculum4 0.57 0.86 1.00 0.37 0.00 0.67 
Chloroflexi -0.47 0.41 0.37 1.00 0.60 -0.11 
Symbiobacterium4 -0.55 0.00 0.00 0.60 1.00 -0.41 
294 bp 0.77 0.73 0.67 -0.11 -0.41 1.00 
Planctomycetaceae -0.78 -0.64 -0.60 0.35 0.41 -0.68 
294 bp       
Petrotoga -0.64 -0.28 -0.18 0.60 0.75 -0.71 
Haloplasmataceae       
Bacteroidetes -0.34 -0.13 -0.11 0.42 0.65 -0.48 
Methanosarcina 0.70 0.29 0.47 -0.27 -0.27 0.67 
Methanoculleus       





Supporting Table 47: Correlation values of the reco very phase - part 6. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Planctomycetaceae 294 bp Petrotoga Haloplasmataceae Bacteroidetes 
BiogasYield 0.10  -0.11  0.03 
HRT 
     
CH4      
CO2      
Glycolate feed -0.18  -0.25  -0.11 
pH -0.17  -0.52  -0.50 






Propionate      
Glyoxylate 0.36  0.72  0.48 
R2 -0.45  -0.32  -0.24 
R3 -0.20  -0.28  -0.12 






R16 0.40  0.50  0.35 
R17 0.37  0.73  0.70 
R20 0.45  0.59  0.44 
R4 0.20  0.23  0.01 






R5 0.30  0.39  0.31 
R8 0.67  0.64  0.41 
R9 0.45  0.59  0.44 
R21 -0.17  -0.32  -0.24 






R26 0.38  0.30  0.22 
R27 0.48  0.44  0.35 
Ruminococcaceae      
Symbiobacterium2      
67 bp 0.59  0.72  0.62 





Firmicutes2 0.02  0.30  0.13 
195 bp 0.57  0.77  0.60 
Symbiobacterium3 0.47  0.77  0.60 
209 bp -0.78  -0.64  -0.34 






Chloroflexi 0.35  0.60  0.42 
Symbiobacterium4 0.41  0.75  0.65 
294 bp -0.68  -0.71  -0.48 
Planctomycetaceae 1.00  0.71  0.48 






Haloplasmataceae    1.00  
Bacteroidetes 0.48  0.87  1.00 
Methanosarcina -0.48  -0.50  -0.49 
Methanoculleus      





Supporting Table 48: Correlation values of the reco very phase - part 7. BGY – Biogas 
yield, HRT – hydraulic retention time, A – acetate, P- propionate, G – Glyoxylate. 
 
 Methanosarcina Methanoculleus uncharacterized 
BiogasYield -0.31  0.31 
HRT 
   
CH4    
CO2    
Glycolate feed -0.37  0.37 
pH 0.03  -0.03 




Propionate    
Glyoxylate -0.27  0.27 
R2 -0.10  0.10 
R3 -0.08  0.08 




R16 0.07  -0.07 
R17 -0.27  0.27 
R20 -0.02  0.02 
R4 0.53  -0.53 




R5 0.00  0.00 
R8 -0.42  0.42 
R9 -0.02  0.02 
R21 -0.10  0.10 




R26 -0.25  0.25 
R27 -0.08  0.08 
Ruminococcaceae    
Symbiobacterium2    
67 bp -0.44  0.44 
82 bp -0.12 
 
0.12 
Firmicutes2 0.04  -0.04 
195 bp -0.42  0.42 
Symbiobacterium3 -0.47  0.47 
209 bp 0.70  -0.70 




Chloroflexi -0.27  0.27 
Symbiobacterium4 -0.27  0.27 
294 bp 0.67  -0.67 
Planctomycetaceae -0.48  0.48 




Haloplasmataceae    
Bacteroidetes -0.49  0.49 
Methanosarcina 1.00  -1.00 
Methanoculleus  1.00  





Supporting Table 49: Raw data of the T-RF distribut ions in group 6, 7, 9, 10, 16 and 18. 
 
 Group 6 Group 7 Group 9 Group 10 Group 16 Group 18 
51 bp 0.01 0.00 0.00 0.00 0.00 0.00 
59 bp 0.00 0.00 0.00 0.00 0.01 0.00 
61 bp  0.00 0.00 0.04 0.00 0.03 0.00 
64 bp 0.01 0.00 0.00 0.00 0.12 0.13 
67 bp 0.02 0.00 0.14 0.02 0.14 0.03 
82 bp 0.00 0.00 0.02 0.00 0.00 0.00 
131 bp 0.00 0.00 0.01 0.00 0.00 0.00 
137 bp 0.01 0.00 0.00 0.00 0.00 0.00 
185 bp 0.02 0.00 0.01 0.00 0.00 0.00 
192 bp 0.02 0.00 0.00 0.00 0.00 0.00 
194 bp 0.01 0.00 0.00 0.00 0.00 0.00 
196 bp 0.00 0.00 0.00 0.01 0.32 0.00 
198 bp 0.00 0.02 0.00 0.02 0.00 0.00 
201 bp 0.00 0.02 0.00 0.00 0.00 0.00 
207 bp 0.09 0.01 0.00 0.02 0.00 0.00 
210 bp 0.57 0.00 0.00 0.00 0.00 0.00 
214 bp 0.06 0.00 0.00 0.03 0.02 0.10 
218 bp 0.00 0.00 0.00 0.00 0.05 0.00 
220 bp 0.02 0.89 0.00 0.44 0.00 0.05 
223 bp 0.05 0.00 0.01 0.00 0.00 0.03 
226 bp 0.00 0.03 0.11 0.11 0.00 0.04 
229 bp 0.00 0.00 0.42 0.00 0.00 0.00 
231 bp 0.00 0.00 0.00 0.00 0.30 0.56 
238 bp 0.00 0.02 0.00 0.08 0.00 0.00 
250 bp 0.00 0.00 0.00 0.25 0.01 0.01 
262 bp 0.00 0.00 0.02 0.00 0.00 0.01 
289 bp 0.00 0.00 0.04 0.00 0.00 0.00 
292 bp 0.00 0.00 0.12 0.00 0.00 0.04 
308 bp 0.00 0.00 0.04 0.00 0.00 0.00 
Appendix 
CI  
Supporting Table 50: Raw data for the glycolate rem oval of group 6. 
  
t [d] Glycolate [mg L-1] 
0.00 326.29 326.29 
0.25 299.16 299.16 
3.06 0.00 0.00 
3.96 0.00 0.00 
4.28 0.00 0.00 
4.30 53.53 67.22 
5.08 59.43 59.79 
5.99 45.44 52.04 
6.94 33.26 27.29 
10.00 0.00 0.00 
10.97 0.00 0.00 
11.28 0.00 0.00 
12.07 41.97 56.43 
13.07 6.40 18.90 




Supporting Table 51: Raw data for the glycolate rem oval of group 7. 
 
t [d] Glycolate [mg L-1] 
0.00 401.58 401.58 
0.79 235.43 235.43 
1.77 4.36 4.36 
1.98 70.68 63.78 
2.76 45.36 44.16 
5.79 2.07 2.18 
6.77 84.20 85.24 
7.80 73.33 60.38 
8.75 36.52 22.01 
9.75 6.14 7.18 
9.92 59.81 48.38 
12.75 1.69 6.94 
13.74 2.72 1.38 
14.04 73.16 83.32 
14.80 82.10 86.85 
16.76 73.39 54.32 





Supporting Table 52: Raw data for the glycolate rem oval of group 9. 
 
t [d] Glycolate [mg L-1] 
0.00 374.33 374.33 
3.98 0.00 0.00 
4.84 0.00 0.00 
4.88 100.72 71.46 
6.83 40.41 40.90 
7.81 8.57 13.91 
11.81 0.00 0.00 
14.81 0.00 0.00 
14.81 0.00 0.00 
14.83 70.47 69.27 
18.78 69.01 60.54 
19.87 70.43 64.44 
21.86 70.08 58.89 
24.83 67.91 61.95 




Supporting Table 53: Raw data for the glycolate rem oval of group 10. 
 
t [d] Glycolate [mg L-1] 
0.00 404.93 404.93 
0.79 413.50 413.50 
1.77 2.04 2.04 
1.98 1.00 2.68 
1.98 62.38 103.91 
2.76 77.51 74.76 
5.79 2.40 0.47 
6.77 86.24 90.90 
7.80 76.62 78.88 
8.75 58.82 56.31 
9.75 63.71 29.30 
12.75 57.39 24.55 
13.74 57.54 23.13 
14.80 57.58 24.94 
16.76 59.42 19.10 





Supporting Table 54: Raw data for the glycolate rem oval of group 16. 
 
t [d] Glycolate [mg L-1] 
0.00 512.45 512.45 
4.17 1.71 1.71 
4.87 14.76 14.76 
5.97 8.41 8.41 
6.00 53.10 166.23 
6.85 85.84 85.65 
9.93 14.35 12.02 
10.84 12.06 14.08 
11.89 17.09 10.69 
12.88 0.00 0.00 
13.85 0.00 9.17 
13.85 0.00 9.17 
16.91 140.62 131.83 
17.85 62.86 57.18 
18.94 15.62 11.49 
19.84 0.00 1.41 
20.86 2.35 2.39 
23.87 14.68 6.12 
24.85 0.00 0.00 
25.93 4.76 1.17 
26.89 0.00 0.00 
27.93 2.30 0.77 
30.90 0.64 2.50 
31.86 2.22 2.22 
31.86 0.00 0.00 
32.17 149.80 131.32 
32.93 135.89 65.21 
33.85 132.81 50.17 
34.90 135.60 38.73 
37.84 91.58 0.00 
38.93 77.87 0.00 
39.87 44.39 0.00 
40.86 66.71 0.00 
41.94 41.30 0.00 
44.88 13.95 0.00 





Supporting Table 55: Raw data for the glycolate rem oval of group 18. 
 
t [d] Glycolate [mg L-1] 
0.00 398.14 398.14 
4.17 6.47 6.47 
4.87 20.85 20.85 
5.97 0.00 0.00 
6.00 63.88 62.34 
6.85 51.35 56.66 
9.93 17.96 26.07 
10.84 24.73 13.24 
11.89 18.23 13.55 
12.88 0.00 0.00 
13.85 2.91 9.49 
13.85 0.00 0.00 
16.91 149.79 137.18 
17.85 70.10 12.34 
18.94 6.43 13.32 
19.84 4.64 10.32 
20.86 0.00 14.50 
23.87 6.90 5.91 
24.85 32.70 30.68 
25.93 8.75 3.67 
26.89 3.35 0.00 
27.93 3.10 2.62 
30.90 4.51 6.77 
31.86 4.07 2.70 
31.86 4.07 2.70 
32.17 81.31 74.35 
32.93 94.97 92.85 
33.85 93.09 60.36 
34.90 72.84 25.23 
37.84 17.10 0.00 
38.93 0.00 0.00 
39.87 1.78 0.00 
40.86 0.00 1.54 
Appendix 
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Supporting Information 1: Dilution of sample and acid for FosTac determition  
 
The protocol from Rieger and Weiland (Rieger and Weiland, 2006) was 
designed to use 20 ml sample and 50 mM H2SO4. It was tested whether the 
sample and the acid could be diluted 1:10 prior the measurement without 
changed pH and FosTac values. Two different digestates were tested. It could 
be observed that pH and FosTac had only slight changes. Therefore, the 
sample and the acid were diluted 1:10 for the complete study.  
 
Digestate No.  Dilution  FosTac [-] pH [-] 
1 
1 0.702 7.23 
10 0.686 7.16 
2 
1 0.102 7.85 




Supporting Information 2: Stability of paraformaldehyde fixation on the 
community structure. 
 
Usually, sample fixation and sample staining and measurement occurred at 
different days. Therefore, it is important that the fixation procedure is stable. The 
cells were fixated with 2 % paraformaldehyde and stored in 70 % ethanol at -20 
°C. The stability of this fixation method over several weeks was tested by Koch 
et al. 2013. Another biological system was used in our approach. Therefore, a 
different behaviour of our cell system could probably be observed. 
Similar cell distributions could be observed in the sample from day 507 after 
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Supporting Information 3: Glycolate removal rates at room temperature. 
 
The glycolate removal rates at room temperatures were observed. It could be 
seen that removal rates and the glycolate feed had no linear correlation as it 
was observed at 37°C. 
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